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Abstract. Living systems provide a paradigmatic example of active soft matter. Cells 
and tissues comprise viscoelastic materials that exert forces and can actively change shape. 
This strikingly autonomous behavior is powered by the cytoskeleton, an active gel of 
semiflexible filaments, crosslinks, and molecular motors inside cells. Although individual 
motors are only a few nm in size and exert minute forces of a few pN, cells spatially 
integrate the activity of an ensemble of motors to produce larger contractile forces (~nN 
and greater) on cellular, tissue, and organismal length scales. Here we review experimental 
and theoretical studies on contractile active gels composed of actin filaments and myosin 
motors. Unlike other active soft matter systems, which tend to form ordered patterns, actin-
myosin systems exhibit a generic tendency to contract. Experimental studies of 
reconstituted actin-myosin model systems have long suggested that a mechanical interplay 
between motor activity and the network’s connectivity governs this contractile behavior. 
Recent theoretical models indicate that this interplay can be understood in terms of 
percolation models, extended to include effects of motor activity on the network 
connectivity. Based on concepts from percolation theory, we propose a state diagram that 
unites a large body of experimental observations. This framework provides valuable 
insights into the mechanisms that drive cellular shape changes and also provides design 
principles for synthetic active materials.  
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1 Introduction 
Living cells constitute a highly unusual class of soft matter. Unlike most synthetic 
materials, cells are maintained in a state that is far from thermodynamic equilibrium by 
dissipative processes that convert chemical energy to mechanical work in the cytoplasm 1-
3, plasma membrane 4,  and nucleus 5,6. The main origin of mechanical activity in the 
cytoplasm of plant and animal cells is the cytoskeleton, a space-spanning network of stiff 
protein filaments 7. Two components of the cytoskeleton, filamentous actin (F-actin) and 
microtubules, are constantly remodeled by active (de-) polymerization. In addition, 
molecular motor proteins slide the filaments past one another or transport cargo across 
them. These processes turn the cytoskeleton into an active viscoelastic material. Strikingly, 
molecular motors are nanometer-sized and exert piconewton forces individually, yet 
ensembles of these motors can collectively drive large-scale events, allowing whole cells 
and tissues to move, change shape, and exert force. How can microscopic, molecular 
activity be coherently coordinated across longer length scales? 
Similar questions have appeared also in the context of seemingly disparate systems 
such as cell colonies, suspensions of microscopic swimmers, flocks of birds, schools of 
fish, and animal herds 8. Like cytoskeletal networks, these systems fall under a category of 
systems known as active matter. In active matter systems, individual units are driven by 
local energy sources. In the case of most flocking phenomena, individual units interact only 
locally with their neighbors, while long-range interactions are possible in cytoskeletal and 
extracellular networks, due to their filamentous constituents. When a large number of 
individuals simultaneously interact, correlations on length scales much longer than the size 
of an individual emerge, even when external fields or long-range interactions are absent 
9,10. Active fluids and active gels are subtypes of active matter distinct in their macroscopic 
viscoelastic properties. In both cases, the material is far from equilibrium due to internal 
driving by active microscopic agents. Fascinating patterns such as asters, spirals, vortices, 
or density waves have for instance been discovered in microtubule-kinesin suspensions 
11,12, bacterial suspensions 13, and carpets of driven filaments 14,15. Studying emergent 
phenomena in these active systems aids in understanding the mechanisms that drive 
complex biological processes such as mitotic spindle assembly 16 and bacterial colony 
formation 17. At the same time, active systems provide inspiration to chemists for designing 
synthetic active materials 18,19. 
Intriguingly, the actin-myosin cytoskeleton behaves rather differently from many 
active matter systems studied so far. Rather than exhibiting steady-state vortices or 
polarized asters, actin-myosin systems in cells contract as a result of stresses generated by 
the myosin motors inside mesh-like or bundled networks of actin filaments. In addition to 
steady contractile motion and cytoskeletal remodeling, such active stresses can also 
contribute to stochastic fluctuations, sometimes known as active diffusion 3,5. Most animal 
cells possess a dense actin-myosin meshwork called the cortex that forms a thin (50–300 
nm) layer anchored to the cell membrane 20,21. The cortex mechanically protects the fragile 
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cell membrane but also drives changes in cell shape 22. Many large oocytes possess in 
addition a three-dimensional actin-myosin meshwork that pervades the cytoplasm and 
actively transports and organizes internal structures like chromosomes 23 and meiotic and 
mitotic spindles 24,25. Cells that adhere to rigid extracellular environments have specialized 
contractile actomyosin structures referred to as stress fibers, which control cell stiffness 
and mechanosensitivity 26. These contractile organelles exert nN-scale forces on their own 
27, and when integrated across the whole cell give rise to µN-scale forces 28. Cells 
themselves can use their actomyosin cytoskeleton to exert contractile forces on the 
surrounding extracellular matrix 29, thereby causing the entire tissue to contract 30-33. 
It has been a long-standing question why actin-myosin networks are biased towards 
contraction. An important factor is the asymmetric force-extension response of actin 
filaments. Since actin filaments are semiflexible with a persistence length around 10 µm, 
they resist tension but readily buckle under compressive forces comparable to those 
generated by single molecular motors 34,35. Experimental studies of reconstituted actin-
myosin gels suggest that network connectivity is also a key parameter in biasing the gels 
towards contraction. Various studies showed that crosslinking of filaments allows myosin 
motors to propagate contractile stresses across system length scales 36-44. 
Theoretical models have been developed on different scales to predict patterning and 
contractility in active systems. On the microscopic scale, early numerical simulations have 
predicted a variety of ordered steady states in microtubule-kinesin systems 11,45,46. In 
addition, models that explicitly describe myosin-mediated sliding between actin filaments 
also predict contraction in filament bundles and networks 34,35,43,47-50.  On the continuum 
scale, models based on linear hydrodynamic equations describing liquid crystals 
supplemented with active driving have succeeded in predicting ordered aster and vortex 
patterns 51 and propagating waves 52,53. Similar models also predict contraction (or density 
instabilities) in filament bundles 54,55 and isotropic crosslinked gels 53,56,57. To account for 
the role of connectivity in biasing active networks towards contraction, a class of network 
models aimed at length scales between the microscopic and continuum levels have been 
developed. These have been inspired by much earlier work on marginal mechanical 
stability of networks 58 and concepts from percolation theory 42,59-63. Different from passive 
networks, connectivity in active networks is not fixed but influenced by the internal 
activity. Stresses applied by motors affect the binding affinity of crosslinks 64,65 and thus 
connectivity. Experiments on reconstituted networks showed that motors can also reduce 
connectivity by severing 41,66 or depolymerizing actin filaments 67. On the other hand, 
theoretical studies predict that motor activity mechanically stabilizes low-connectivity 
networks 61,62,68, consistent with experimental observations of cells showing that 
nonmuscle myosin-II contraction of cytoplasmic actin filaments is necessary to establish a 
stable cytoskeletal network 69. Percolation models extended to include reciprocal feedback 
between connectivity and motor activity provide an interesting new approach to combine 
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a continuum description of active networks with a microscopic description of the internal 
active driving. 
Here we review studies on contractile active gels focused on reconstituted model 
systems based on actin, myosin, and crosslink proteins. Throughout this review, we will 
use the term contractile active gel to refer specifically to a mesh-like polymer network that 
contracts in response to molecular motor activity. This definition may apply both to 
molecular motors contracting intracellular polymers, as well as entire cells contracting 
extracellular polymers. We propose a state diagram based on previous experimental and 
theoretical studies of contractile active gels combined with percolation models of 
filamentous networks. The diagram identifies four main regimes of behavior in terms of 
two physical parameters: network connectivity and motor activity. We furthermore review 
experimental studies that show how these physical parameters can be tuned at the 
molecular level. The phase diagram we propose provides a broad framework that unites 
the seemingly disparate behaviors observed in experiments on different active systems: 
collective swarming, coarsening, cluster formation, tension generation, and contraction 
over varying length scales. It may help to classify and understand contractile properties of 
the actomyosin cortex in cells and developing embryos, and provide guidelines for 
designing synthetic active materials with desired macroscopic physical properties. 
2 Experimental model systems for contractile active 
gels 
How do cellular actin-myosin networks contract? To answer this question, researchers 
have established biomimetic model systems composed of purified actin filaments, myosin 
motors, and crosslink proteins in-vitro (Fig 1). The advantage of this reductionist approach 
is that the biochemical composition of these simplified systems can be systematically 
controlled, allowing for direct quantitative comparison with physical models. Moreover, 
minimal model systems are useful for identifying the principles that are necessary as well 
as sufficient for networks to be contractile. In this section we briefly review the molecular 
components of contractile active gels. 
 Entangled actin networks 
Actin filaments (“F-actin”) are composed of two linear strands of globular actin 
subunits (“G-actin”) that twist around each other to form helical filaments with a 37-nm 
pitch 70. The G-actin monomers are comprised of two domains separated by a cleft that 
binds a divalent cation and either adenosine triphosphate (ATP) or adenosine diphosphate 
(ADP). Actin filaments are structurally polar because the monomers assemble head-to-tail 
with the ligand-binding clefts all directed towards one end (denoted the minus end, while 
the other end is called the plus end). Myosin II motors take advantage of the structural 
polarity to move in a directional manner toward the plus end. Moreover, hydrolysis of the 
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ATP bound to G-actin monomers that add onto the plus end of a growing filament provides 
chemical energy that maintains different monomer on- and off-rates at the two filament 
ends. The plus end has a higher on-rate than the minus end, leading to a phenomenon called 
treadmilling that allows actin filaments to exert polymerization forces to drive cell 
migration. For purified actin solutions the treadmilling process is exceedingly slow, but in 
vivo the turnover of actin filaments is enhanced by several orders of magnitude by several 
proteins such as gelsolin and ADF/cofilin 71. 
Due to its supramolecular architecture, F-actin is much stiffer than conventional 
synthetic polymers. Its thermal persistence length is close to 10 µm and thus comparable 
to its contour length, while being three orders of magnitude larger than its diameter of 7 
nm 72. As a consequence, F-actin filaments form space-filling networks already at volume 
fractions of less than 1% 73. F-actin reconstituted from purified actin has an exponential 
length distribution with a typical filament length of 15 µm 74. Actin filaments are generally 
thought to be much shorter in cells. Measurements on cortical actin in mammalian BSC-1 
cells suggested lengths of ~3 µm 75,76. The length of actin filaments in reconstituted gels 
can be controlled by adding physiologically relevant proteins that nucleate and/or sever 
filaments, such as formins, Arp2/3, gelsolin, and cofilin 77.  
Above an actin concentration, c, of 0.1 mg/mL, actin filaments entangle and form 
semi-dilute mesh-like networks. At 1 mg/mL, the mesh has an average pore size of ~0.3 
µm 78. Filament entanglements govern the mechanical properties of semidilute actin 
solutions 73,79. At intermediate timescales, entangled solutions behave like soft solids, with 
an elastic shear modulus G’ of less than 1 Pa (~100-fold softer than yogurt 80), which 
exceeds the viscous shear modulus G” by about 4-fold. On longer timescales, entangled 
solutions are fluid (G” is larger than G’), because the entanglement constraints are 
eventually released by diffusion of the filaments along their contour (“reptation”) 81. 
Reconstituted F-actin solutions relax after ~10–100 min, depending on filament length 73. 
This timescale is much longer than the stress relaxation time for actomyosin networks in-
vivo, which is on the order of a few seconds primarily due to rapid F-actin turnover 82-85. 
At short timescales, below 1 s, G” is also larger than G’, and both moduli exhibit power-
law dependencies on the deformation frequency. Theoretical models of wormlike chains 
predict that stress relaxation at short times is governed by transverse thermal bending 
fluctuations of the filaments, which lead to a ω3/4-dependence of the rheology 79,86, as 
observed in experiment 87-90. For entangled solutions, an additional ω5/4-regime was 
predicted due to axial tension propagation 79,91,92, which was also validated experimentally 
93. 
 
 Crosslinks 
Cells can modulate the elastic properties and spatial organization of their actin 
cytoskeleton by cross-linking the filaments with dedicated crosslink proteins. Crosslink 
proteins usually have two actin-binding domains connected by a linker domain. The most 
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common actin-binding domain is the calponin-homology domain, which is found across a 
broad class of crosslink proteins, including spectrin, filamin, fimbrin, and α-actinin 94. 
These crosslinks are all homodimeric. Fascin proteins are unusual: they are monomers with 
two actin-binding domains, and bind actin filaments through β-trefoil domains 95. Actin-
binding crosslinks provide greater mechanical stability than the physical constraints from 
filament entanglements. As a result, the storage modulus G’ of crosslinked actin gels over 
a broad frequency range can be ~100x greater than entangled filament solutions. 
Crosslinked actin networks begin to stiffen with increasing molar ratio of crosslink to actin 
monomers, RX, above a certain critical crosslink concentration. Furthermore, the critical 
concentration does not vary strongly with crosslink type (Table 1). These observations are 
consistent with percolation models of chemically crosslinked polymers 96 (see §3.2 below). 
However, the mechanical response of crosslinked actin networks exhibits several 
distinguishing characteristics.  
First, the architecture and mechanical properties of actin networks are sensitive to the 
size and geometry of the crosslink. Fascin and fimbrin are compact, globular proteins that 
prefer to bind to tightly apposed filaments under a small angle; as a result, they usually 
generate tight, unipolar bundles 97,98. In contrast, larger, rod-like crosslinks such as α-
actinin form actin bundles of mixed polarity 98. Large, fork-like linkers such as filamin can 
bind actin filaments over a wide range of angles, forming isotropic networks at low 
crosslink density and mixed network/bundle phases at high crosslink density 99. However, 
the crosslink geometry is not always predictive of network architecture. The kinetics of 
actin polymerization and crosslink binding can sometimes dominate the final network 
structure 100-103. Many crosslink proteins, whether rigid or flexible, tend to form actin 
bundle networks at sufficiently high crosslink concentrations. Bundling can stiffen actin 
networks compared to isotropically crosslinked networks. However, softening can also 
occur because bundled networks tend to deform in a more nonuniform (non-affine) manner 
104, and also due to sliding 105 and clustering 106 of the bundles. 
Second, the mechanical compliance of the crosslink proteins also strongly influences 
the mechanical response of crosslinked actin networks 107. Rigid proteins such as scruin do 
not significantly deform when stressed. Thus, the entropic force-extension behavior of 
segments of actin filaments between crosslink points governs the elastic modulus of 
networks with rigid crosslinks 108,109. Consequently, the elastic modulus is highly sensitive 
to crosslinking, with G’ varying over many orders of magnitude with changes in crosslink 
or actin concentration 110,111. Moreover, due to the non-linearity in the entropic spring 
constant of actin filaments at high extensions, the networks stiffen at high stresses, a 
phenomenon known as stress stiffening 110,112. In contrast, the elastic modulus of actin 
networks crosslinked with flexible proteins such as filamin is dominated by the compliance 
of the crosslinker. In this case, the elastic modulus is small when the network is subjected 
to small stress, but increases strongly once the crosslinks are fully stretched 113-115. 
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Third, crosslink proteins have a finite binding affinity for actin: they bind transiently 
with typical dissociation constants in the range of 0.1–3 µM 105,116-121. This corresponds to 
binding free energies of 32–42 kJ mol-1, or 13–17 times the thermal energy kBT at room 
temperature and typical crosslink unbinding times in the range of 1-10 s 98. One notable 
exception is the acrosomal protein scruin 110, which has a much higher affinity. The 
molecular binding kinetics of actin crosslinks influences both the elastic and the viscous 
properties of actin networks. At timescales longer than the crosslink unbinding time, 
crosslink dissociation leads to stress relaxation, as seen for crosslinking by heavy 
meromyosin 122,123. Theory predicts a non-single-exponential relaxation and corresponding 
viscoelastic response for times longer than the unbinding time, consistent with experiments 
with alpha-actinin crosslinks 124. Recent simulations also predict that in case of bundled 
actin networks, transient crosslinker binding introduces various new rheological regimes 
at high, intermediate, and low frequencies 125. Moreover, experiments revealed glass-like 
aging in actin networks bundled with fascin 126. 
The binding kinetics of the crosslinks also influences the nonlinear response of actin 
networks to large stresses. Usually, tensile loads accelerate crosslink unbinding 64. Such 
crosslinks are known as slip bonds. As a consequence, the network response becomes rate-
dependent, with stiffening at high deformation rates and softening at small rates 127. Typical 
rupture forces for actin crosslinks measured by single-molecule experiments with optical 
tweezers are in the range of 40-80 pN 128. However, many biological adhesion molecules 
exhibit a surprising behavior known as catch bond behavior, whereby mechanical loads up 
to a certain force enhance the binding affinity for their ligand 65,129,130. At even higher 
forces, a transition to slip bond behavior occurs. The crosslink α-actinin 4 is thought to 
exhibit such catch bond behavior. Structural analysis showed that this protein exhibits 
different stable conformations 131 and that mechanical forces can expose cryptic actin 
binding domains, thus enhancing the binding affinity for actin 132. This catch bond behavior 
at the molecular scale translates into counterintuitive rheological properties on the network 
scale: actin networks crosslinked with α-actinin 4  shear-thicken and an applied shear stress 
extends the regime of solid-like behavior (G’ > G’’) down to lower frequencies 133. Similar 
behavior was found for networks crosslinked by inactivated nonmuscle myosin IIB 134. 
 Myosin molecular motors 
The myosin superfamily encompasses seventeen different classes that are each 
specialized for different cellular tasks (reviewed in 135). The motors of the myosin II class 
(conventional myosins) are largely responsible for cell contractility. Although myosins 
within this class differ in their enzymatic and self-assembly properties 136,137, they share a 
common structural design consisting of two globular head domains joined by a long tail 
domain. The head domains bind to actin filaments and move towards the plus end using 
energy released from ATP hydrolysis, while the tail domains serve to assemble myosin 
molecules into bipolar filaments. Myosin filaments in muscle, or thick filaments, are longer 
than those in the cytoskeleton, which are called minifilaments (see §5.1 for a more detailed 
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discussion). The bipolar structure of myosin filaments, with motor heads on the two ends 
and the tails packed in the center, allows myosin filaments to slide anti-parallel actin 
filaments in opposing directions. When embedded within a crosslinked actin meshwork, 
myosin bipolar filaments can thus be modeled as contractile force dipoles 138. The forces 
of myosin motors in actin networks introduce nonequilibrium fluctuations that violate the 
fluctuation dissipation theorem 139, invalidating passive microrheology methods based on 
thermal fluctuations and requiring active microrheology to measure stiffness in cells 
1,140,141. Such nonequilibrium fluctuations can also introduce non-zero currents in the phase 
space of a system that are forbidden in thermal equilibrium 142,143. 
Although individual bipolar filaments can exert both contractile and extensile forces, 
cellular and also reconstituted actomyosin networks tend to be contractile. In skeletal 
muscle, the origin of this asymmetry clearly lies in the arrangement of the actin and myosin 
filaments into a periodic and aligned array of so-called sarcomeres. Sarcomeres are 
repeating linear arrays of myosin thick filaments that are co-aligned with two antiparallel 
sets of actin filaments that have their minus ends in the center and their plus ends outwards 
and anchored at the Z-discs. The sliding motion generated by the myosin thick filaments 
thus leads to uniform contraction. A similar ordered arrangement but with varied polarity 
patterns is present in stress fibers in non-muscle cells 144. 
In disordered networks such as the actomyosin cortex or the bulk actomyosin networks 
in oocytes, the origin of the asymmetry which favors net contraction is unclear since 
contractile arrangements are as likely as extensile ones. A range of mechanisms has been 
proposed. The mechanism that is best supported by experiments is one that attributes 
contractility to the nonlinear, asymmetric mechanics of actin filaments. Actin filaments 
readily buckle under compression 145,146 whereas they strongly resist stretching 147. 
Experimentally, buckling of actin filaments was observed during contraction of quasi-2D 
actin-myosin networks and a correlation was observed between the macroscopic 
deformation and the amount of deformation of individual filaments 41,148. Several 
theoretical studies argued the importance of actin-filament buckling in contraction 
34,35,40,57,60,63,149-152. However, other mechanisms have been shown to lead to contraction in 
the absence of buckling. One model proposed that contractile forces are generated by a 
“plucking” mechanism, where motors excite transverse fluctuations in an entangled 
meshwork 47. It is not even strictly necessary to invoke filament deformation to explain 
contractility in filament-motor mixtures. If the motors transiently stall when they reach the 
plus end of actin filaments, contractility is favored in bundles as well as networks 54,55. This 
mechanism appears to underlie recent reports of contractility in microtubule-motor systems 
44,153. When the motors themselves are modeled as finite-sized and deformable, 
contractility also naturally arises because the myosin minifilaments may move 
directionally along actin filaments, toward low-energy contractile configurations 47,59. 
Steric repulsion between actively driven hard rods 154 or attraction due to entropic forces 
155-157 can also result in contractile behavior. 
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3 Percolation models and marginal stability of passive 
systems 
Both experimental 36-42,148,158 and theoretical studies 59-61 have demonstrated that 
connectivity provided by crosslinks is essential to contractility in disordered networks. To 
understand the role of connectivity in active systems, we first provide an introduction to 
marginal stability and percolation models of passive systems. These models describe how 
the microscopic connectivity of the network governs macroscopic material response 
properties and transitions between response regimes. 
 Conductivity percolation 
Percolation models (reviewed in 159) represent random networks by a lattice of points 
called nodes. Many kinds of lattices are possible, including square, triangular (shown in 
Fig. 2), or honeycomb in 2D; as well as cubic, body-centered cubic, face-centered cubic, 
and diamond in 3D; or hypercubic at higher dimensionality. Models may consider bonds, 
or lines between nearest-neighbor nodes of a lattice. The connection probability p, which 
can range between 0 and 1, determines whether sites or bonds are occupied by a connection. 
These connections represent conduits in many kinds of transport problems: electrical (or 
thermal) current through random resistor networks 160,161, fluid flow through porous media 
162, vehicle traffic flow 163, and forest-fire propagation 164.  
How does p determine a system’s macroscopic conduction properties? As 𝑝 → 0, 
systems comprise disjointed clusters, or groups of adjacent connections (Fig. 2a,b). 
Clusters have an exponential size distribution 𝑃 𝑠 	~	e)*/,  with s cluster mass and S 
typical cluster mass (both in units of number of sites or bonds). For the example of a linear 
1D lattice, 𝑆 = /01/)1. If a voltage is applied to two opposing ends of a random resistor 
network with 𝑝 → 0, current will not flow because the typical cluster diameter l is much 
smaller than the system length scale L. The system thus behaves like an electrical insulator, 
with conductivity 𝛴 = 0. As p grows, clusters become larger (Fig. 2c). In the limit 𝑝 → 1, 
the system comprises one globally connected, system-spanning cluster (Fig. 2d) with 
diameter 𝑙	~	𝐿. A network of resistors with 𝑝 → 1 responds as an electrical conductor, with 
conductivity 𝛴 proportional to the conductivity 𝛴6 of one resistor. 
Based on these two limits, one expects a transition from insulating to conducting 
states. Indeed, percolation models show that there exists a specific value pC, called the 
conductivity percolation threshold (Table 2), where just enough connections form to allow 
one spanning cluster with 𝑙	~	𝐿 (Fig. 2c, red cluster). Clusters at pC have fractal dimension 𝑑8 defined as 𝑠	~	𝑙9:. This fractal shape implies that clusters have holes of various, scale-
free sizes, and larger clusters surround smaller clusters called enclaves (Fig. 2c, light green 
clusters). The size distribution of clusters 𝑃 𝑠 	~	𝑠);  exhibits a power law, with τ the 
Fisher exponent 165.  The Fisher exponent relates to the fractal dimension via the 
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hyperscaling relation 𝜏 = 99: + 1. For 𝑝 > 𝑝?, the spanning cluster becomes Euclidean (𝑑8 
equal to the dimensionality of the system), as the added connections incorporate enclaves 
into the spanning cluster. 
The spanning cluster’s fractal shape implies that (i) the shortest path across the system 
(conduction backbone) meanders at pC and is much longer than L; (ii) the conductivity Σ 
of a random resistor network just above pC is finite but small; and (iii) the characteristic 
timescales associated with charge transport diverge as 𝑝 → 𝑝? (critical slowing down). As 
p increases away from pC, the added bonds shorten the conduction backbone and Σ 
increases toward Σ0. One can show that 𝛴~𝛴6 𝑝 − 𝑝? 8A , with 𝑓C  the conductivity 
exponent. This relation was experimentally verified in semiconductor sheets with punched 
holes 166. 
The conductivity threshold represents a continuous second-order phase transition. The 
average distance ξ of two sites belonging to the same cluster acts as a correlation length. 
One can show that ξ diverges at pC with 𝜉	~	 𝑝 − 𝑝? )EF	. The mass S’ of all clusters except 
for the largest acts as a susceptibility, and also diverges at pC with  𝑆G~ 𝑝 − 𝑝C )H  , 
indicating critical behavior similar to thermal transitions. Critical exponents like τ, f, df, ν, 
and γ depend only on the dimensionality of the system (and not on the lattice geometry 
used, or whether sites or bonds are considered) and indicate the universality class of the 
transition. 
 Isostaticity and rigidity percolation 
In the context of contractile active gels, we are interested how the connection 
probability p affects the mechanical constitutive properties of the system, such as the shear 
modulus G. Central force models for marginal mechanical stability 58 offer a simple 
approach to understand linear elasticity. These resemble percolation models, except bonds 
represent mechanical springs rather than conduits. Shearing (or extending) the whole 
network causes deformation of individual springs, which respond with a linear stretch 
modulus µ.  
The onset of mechanical rigidity can be found by balancing mechanical degrees of 
freedom against constraints arising from network connectivity. There are 𝑁𝑑 degrees of 
freedom for the sites (or nodes) for a system with dimensionality d and N sites. The number 
of constraints due to pair-wise bonds is ½𝑁𝑍𝑝, with Z the number of nearest-neighbor sites 
(e.g. 𝑍 = 6 for a 2D triangular lattice, or 𝑍 = 2𝑑 for d-dimensional square lattices). These 
two quantities balance at a value of p known as the central-force isostatic point 𝑝?N = O9P . 
This point corresponds to the onset of mechanical rigidity or marginal stability of the 
network. For systems with only central-force interactions (e.g. random spring networks), 
pCF also corresponds to the rigidity percolation threshold pR.  
The rigidity threshold separates mechanical stability (𝐺 > 0, elastic) from instability 
(𝐺 = 0, floppy). Near pR, the scaling relation 𝐺~𝜇𝑎O 𝑝 − 𝑝T 8U (with rigidity exponent 
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𝑓V ≈ 1.4 for 2D central-force models 167-170 and a bond length) shows that G increases as 
a power law in the distance of p from 𝑝T, similarly to the conductivity threshold. But the 
rigidity problem remains fundamentally different, because of the vector nature of the forces 
involved 171. Indeed, the critical exponent 𝜈T ≈ 1.16 in 2D (Table 2) demonstrates that the 
central-force rigidity threshold represents a universality class distinct from the conductivity 
threshold 168,169,172. The bonds inside the spanning cluster that bear stress (rigidity 
backbone) form a network that is more compact (higher fractal dimension) than the 
conduction backbone 173. At pCF, the rigidity backbone and shear modulus undergo a 
second-order transition, whereas the density of the stress-bearing cluster undergoes a first-
order transition 174. 
 Fiber bending 
Many real soft matter systems cannot be described as random spring networks 171. 
Percolation models have been tailored to diverse material types including gels 175, foams 
176, glasses 177, and granular systems 178. The rigidity threshold can change when models 
include non-central-force interactions such as polymer branching 179, thermal/entropic 
effects 180,181, repulsive contacts 182, and interparticle friction 183. In the context of 
cytoskeletal active gels, the most appropriate models are fiber network models 61,104,170,184-
190. These models treat filamentous networks as random networks of fibers with a finite 
bending rigidity κ in addition to the stretch modulus µ. Furthermore, hinge constraints may 
represent the presence of crosslinks connecting filaments. The finite bending modulus of 
fibers mechanically stabilizes fiber networks at connectivities below pCF and lowers the 
rigidity threshold pR 170,187,191,192 (Table 2). Thus sub-isostatic fiber networks (𝑝V ≤ 𝑝 <𝑝C]) have a finite shear modulus, which is proportional to 𝜅 because the network modulus 
is dominated by non-affine bending modes. The rigidity exponent 𝑓V increases compared 
to its value for central-force models (Table 2). Networks with p near pCF are predicted to 
exhibit diverging strain fluctuations, and G depends on µ and κ 61. Above pCF networks 
stretch affinely, so the shear modulus is controlled by the filament stretch rigidity, 𝐺	~	𝜇 
(Fig. 3). 
 External driving 
In addition to connectivity, external driving imposed by a mechanical deformation 
(using shear, extension, or compression) also affects the mechanical stability of a 
filamentous network. External stresses can either stabilize networks by providing a 
stabilizing field that decreases the rigidity threshold or destabilize networks by causing 
mechanical failure (Fig. 4). 
Bulk expansion and shear can stabilize networks that are initially below rigidity 
percolation and hence floppy. These marginal networks are only slightly underconstrained. 
For networks initially below the rigidity percolation transition, external strains pull out soft 
modes (deformation modes that cost no energy), so the network becomes elastic beyond a 
non-zero critical strain 193,194. In fiber network models, external driving induces dramatic 
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stiffening and a transition to a stretch-dominated elastic response at a critical shear strain 
192. This strain-controlled criticality can account quantitatively for the nonlinear 
mechanical response of athermal collagen networks and likely applies to other athermal 
fiber networks as well 191,192. 
Conversely, external stresses can destabilize initially stable networks when they cause 
failure, or breaking of a material into disjoint pieces. Griffith’s criterion provides a simple 
model of brittle failure of solids 195. Let a homogeneous material with Young’s modulus E 
contain a single crack of length a. Failure depends on a balance between bond-breaking 
and free-surface energies. The material near the crack tips will fail when the applied stress 
exceeds a threshold value 𝜎]~ 𝛾𝐸/𝑎 //O, where γ denotes the surface tension. Once the 
material begins to fail, stresses redistribute and accumulate on the tips of the growing crack, 
producing more material failures that cause the crack to grow further. This positive 
feedback loop leads to an instability, where a straight crack propagates across the entire 
material. 
Griffith’s criterion neglects inhomogeneity, which prevails in disordered fiber 
networks 196. Failure nucleation and propagation are sensitive to weaker sites in 
inhomogeneous systems; thus, experimentally measured values of 𝜎]  show sample-to-
sample variability 197, and real failures leave a fractal crack 198. Inhomogeneity is naturally 
accounted for in percolation models because of the stochastic nature of connections 
(reviewed in 199). Furthermore, percolation models can include various kinds of bond-
breaking rules 200-205, yielding predictions for 𝜎]	~	 𝑝 − 𝑝? 8b  with fF the fracture 
exponent. One experimental study on metal plates with drilled holes found 𝑓] ≈ 1.7 in 2D; 
similar measurements for 𝐸 and 𝑎 yielded exponents that agreed with Griffith’s criterion 
206.  Percolation models can also account for the interaction of the stress fields from 
multiple flaws, since they already contain multiple sites where the network can fail 203,207. 
These models have shown that the system fails by the coalescence of microcracks, which 
join and percolate across the system to form one large macroscopic crack. Failure 
percolation belongs to the same universality class as conductivity percolation 203. 
Griffith’s criterion also seems to hold for brittle-like failure in viscoelastic fluids 208. 
However, it is unclear how well Griffith’s criterion can describe failure of other transient 
networks including crosslinked actin networks, where rupture tends to be stochastic 209,210. 
A more suitable alternative class of models to describe failure may be fiber bundle models 
(reviewed in 211). These conceptually simpler models also predict the percolation of 
microcracks 212, as well as additional phenomena such as the failure-time distributions 213 
that underlie the creep response in gels that precede failure 214 
Fig. 4 shows a conceptual diagram summarizing the mechanical response of passive 
filamentous networks as a function of network connectivity (bond probability p) and 
external driving. We identify three states: floppy networks (I) that are not connected 
enough to resist external loads, elastic networks (II) that are mechanically stable and store 
elastic energy, and ruptured networks (III) where a large crack breaks an elastic network 
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into two disconnected clusters. The boundaries are schematic, and the behavior near the 
junction of the three phases is poorly understood. 
4 The phase behavior of active systems 
So far we have seen how percolation models can be used to quantify the contribution 
of connectivity to the electrical and mechanical response of passive systems. In this section, 
we now focus on systems which are driven internally by molecular motor activity. 
Theoretical and experimental studies have identified a wide range of behaviors, including 
active flows, enhanced diffusion, directional transport, and contraction. We provide an 
overview of these studies, and attempt to unify a broad range of behavior in a proposed 
tentative state diagram (Fig. 5). (Note that the terminology “state diagram” refers to 
regimes of non-equilibrium behavior or response to motor activity, rather than 
thermodynamically stable equilibrium phases or states.) 
The axes of the state diagram are network connectivity and motor activity. In 
percolation models, network connectivity is given by the probability of either a bond 
forming between nearest-neighbor sites, or of a hinge constraint on a site with multiple 
bonds. Experimentally, network connectivity is some function of actin filament length, 
entanglement length, and crosslink concentration. Similarly, motor activity in experiment 
is some function of motor ATPase activity, duty ratio, and processivity. The functional 
dependencies mentioned above are not trivial, as detailed in §5.  
The diagram we propose comprises four main regimes of network response to motor 
activity: active solutions (I), prestressed gels (II), global contraction (III), and local 
contraction (IV). The first three regimes are in analogy to passive systems. The fourth 
regime, in contrast, is special to active systems. The regimes are delimited by four 
boundaries: stress percolation (bold line), failure percolation (striped line), strain 
percolation (yellow line), and coarsening (dotted line). In the following, we describe the 
regimes and their boundaries. 
 Active solutions (I) 
The primary interaction between actin filaments and myosin bipolar filaments is 
thought to be sliding. For systems that are weakly connected, the absence of constraints 
allows motor-filament sliding to proceed freely. In this active solutions regime (Fig. 5, 
regime I), a variety of fluid-like phenomena have been reported. If myosins are tethered to 
a surface in so-called motility assays 215, dense suspensions of actin filaments glide with 
collective motions resembling bird flocks 14,216. Similar behavior can be found in 
microtubule-kinesin motility assays 15. If instead myosin and actin are free to move in 
solution, experimental measurements have shown that myosin activity decreases the 
apparent viscosity of the solution 217-219. Theoretical models describe this behavior with an 
increased effective temperature 220-222, indicating that the energy released from myosin’s 
ATPase activity is largely dissipated. In the presence of bundling proteins, myosin motors 
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have been shown to induce super-diffusive collective transport of needle-like actin bundles 
39,223. Microtubule-kinesin solutions can display actively flowing nematic states 12,224, and 
swarms of bacteria give rise to apparent turbulence at low Reynolds number 13. 
 Stress percolation and prestressed gels (II) 
In passive systems, mechanical stability is achieved at the rigidity percolation 
threshold, when mechanical constraints balance internal degrees of freedom. In active 
systems, mechanical constraints act to impede myosin-driven sliding. Once motors pull out 
slack in an underconstrained system, sliding ceases and motors exert ~pN stall forces 225, 
which subject the system to a tension-bearing state we call prestressed gels (Fig. 5, regime 
II). At the boundary of this regime, mechanical constraints balance sliding compliance, 
allowing stress percolation (Fig. 5, bold line) from motors across the gel. “Stress 
percolation” refers to the stabilization of floppy networks by motor stresses that act across 
the network 61,193,226. This boundary resembles the rigidity percolation threshold in passive 
systems. 
Direct experimental evidence for motor-driven, prestressed gels comes from optical 
tweezer microrheology studies of crosslinked actin-myosin gels revealing tension in the 
actin filaments 139,227, and from macroscopic measurements of the contractile stress exerted 
on the gel interface 38. Similar tension-bearing states were observed in bundle contraction 
assays 228 and contractile ring assays 229 when anchored to soft gels. Prestressed gels appear 
homogeneous on macroscopic length scales. They may even appear homogeneous on 
microscopic scales, though experimental studies have also reported heterogeneous 
structure in certain cases, such as thick bundles in networks crosslinked with a-actinin, 
fascin, or filamin 38,227,230. However, the density instabilities that characterize regime III 
(see below) are mostly absent in this regime. 
It is interesting to note that motors’ stabilizing effect in regime II contrasts motors’ 
fluidizing effect in regime I. In order to further characterize the behavior at the stress 
percolation boundary, it will be interesting to develop more microscopic models that 
account for filament sliding, arrest by crosslinks, and motor-induced stabilization. Fiber 
network models coarse-grain out motor sliding, treating motor activity as effective 
contractile force dipoles 138,149, and thus likely break down at the stress percolation 
boundary 42,61,63. Microscopic models that consider motor sliding 35,47,54,231 could be 
combined with constraint-counting arguments to investigate how motor-induced sliding 
interacts with soft modes. 
Although prestressed gels do not contract, the contractile stresses they generate still 
serve important biological functions. In the actin cortex, motors maintain a constant level 
of prestress that sets the cell surface rigidity 232. When cells prepare for cell division, 
additional myosin is recruited to the cortex, leading to an increased cortical tension and 
cell rounding 233. During cytokinesis, motor activity in the cortex is differentially regulated 
between the cell poles and cell equator to ensure proper cytokinesis 234. 
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 Failure percolation and global contraction (III) 
If motor forces exceed the unbinding threshold of the crosslinks that maintain network 
stability, crosslink constraints can fail across the system (failure percolation; Fig. 5, striped 
line) and motors are free to slide actin filaments. Well-connected actin-myosin gels respond 
to motor sliding by undergoing a global contraction (Fig. 5, regime III), where the protein 
meshwork is collapsed to a tightly packed cluster with a higher density than the 
surrounding fluid. Global contraction events in reconstituted actin-myosin networks are 
visible with low-power microscopes and even the naked eye, which facilitated early 
experimental studies on the mechanisms of contractility in purified protein preparations 
36,217,235. In the absence of surface adhesion, globally contracting gels retain the shape of 
their container as they shrink uniformly 38,42,236. This mechanically unstable behavior 
(density instability) is captured in active gel models 56,57,220,237 and contrasts the 
mechanically stable behavior of prestressed gels. 
Experimental studies have identified the existence of a threshold myosin concentration 
above which contraction can occur. Two studies 36,38 found a threshold value of 𝑅e ≈0.005 for actin gels, with RM the monomeric molar ratio of myosin to actin. Increasing the 
motor concentration past this threshold increased the contraction speed of the active gels 
36,38. What prevents gels with lower concentrations of myosin from contracting? Motor 
activity can enhance network elasticity 61,68,138,227,238, which may stabilize networks against 
motor-induced fracture. Furthermore, at high loads, muscle and non-muscle myosin II 
motors exhibit catch bond behavior 239-241. Boundary adhesion may also need to be 
overcome. If the gel is strongly anchored to rigid boundaries, higher levels of contractile 
stress can accumulate across the gel. Failure could occur by either detachment from the 
boundaries 242 or the formation of large, microscopic cracks in the bulk 42. 
Experimental studies have also found that global contractions occur above a threshold 
connectivity, either as a minimum crosslink concentration (Table 3) or minimum actin 
concentration (𝑐h ≈ 7.5	µM 39, 𝑐h ≈ 12	µM 243, both measured for F-actin in the absence 
of proteins that regulate filament length). The minimum crosslink concentrations are close 
to the minimum crosslink concentrations required for gelation in the absence of motors (cf. 
§2.2). In the absence of crosslink proteins, contraction is usually not observed, but there 
are exceptions. When the ATP concentration becomes sufficiently low, motors themselves 
strongly bind actin and can cause contraction (or superprecipitation) 244. Also, when the 
pH falls below 6, myosin binds more strongly to actin and promotes contractility 245. In 1D 
tethered bundles 228 and 2D systems 41,148, contractions can occur in the absence of crosslink 
proteins, provided the myosin concentration exceeds a threshold value. Below this value, 
motors slide across more stationary actin filaments 246. Above this value, myosin and actin 
move together in a velocity field with a negative divergence 246, indicating a density 
instability. How can 1D and 2D systems contract without added crosslinks? The 
connectivity threshold at the isostatic point depends linearly on the spatial dimensionality. 
Similar scaling likely holds for stress percolation and failure percolation in contractile 
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active gels. Furthermore, the role of filament entanglements is amplified in lower 
dimensions 96. 
In the limit of high connectivity, one would expect the network’s larger elastic 
modulus to resist motor stresses and inhibit contraction 57. Indeed, this expectation agrees 
with some experimental studies. Filamin-crosslinked gels contract more slowly when 
either more crosslinks are added or when actin filaments are longer 36. α-actinin-
crosslinked gels do not appear to contract above a threshold crosslink concentration (𝑅k ≈0.2) 38. However, this behavior has not been observed for all crosslink types (see §5.2 
below). 
Global contraction events resemble syneresis or sintering events in polymer gels 247-
250. But crosslinked actin-myosin gels differ from most polymer gels due to the enzymatic 
activity of myosin molecular motors. As contraction proceeds, myosin bends, severs, and 
disassembles actin 41,66,67,236,251, rendering contraction events irreversible. Contraction 
events may not necessarily consume all protein, and may leave behind a sparser network 
of proteins, which may initiate a subsequent contraction wave 252. Actin-myosin gels in cell 
extracts can even contract multiple times in waves or in a more continuous steady state 
38,253,254, likely due to the presence of proteins that facilitate actin turnover. 
Contractile events in cells and developing tissues require coordination of myosin 
activity over long length scales. If the contractile network is unanchored and free to 
contract, the resulting contractile strains could be used for intracellular transport, as has 
been suggested for chromosome congression in starfish oocytes 23. Alternatively, if the 
network is well anchored to cell membranes and cells are free to deform, contractile activity 
can drive cell and tissue shape changes, as has been observed with cells and collagen tissues 
that invaginate from adhesion sites 255-258. Furthermore, cells build transcellular actomyosin 
networks with a sarcomeric-like ordered arrangement of actin and myosin filaments to 
coordinate contraction across some epithelial tissues 259.  Contraction events are also 
regulated by biochemical signaling and, in turn, contribute to signaling through 
biomechanical feedback 22. Regulation is likely needed to temper myosin activity; 
otherwise excessive stresses could rip the network apart into several disjoint clusters (see 
regime IV below). This phenomenon has been observed in developing Drosophila mutants 
with reduced cell-cell adhesions, where the ventral furrow rips apart into clusters of cells 
during gastrulation 260. Smaller ruptures and subsequent repair by zyxin-mediated 
pathways occur in intact actomyosin structures such as stress fibers 261,262. The tissue-scale 
contractions found in gastrulating embryos do not proceed as continuous, spatially uniform 
contractile events; rather, several pulsatile bursts of contractile activity that span single-
cell length scales drive contraction 263-265. These pulses are regulated by pulses of myosin 
phosphorylation 266 which arise from an interplay between feedback and self-organization 
267-270. 
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 Coarsening and local contraction (IV) 
Contraction events do not necessarily span system length scales. Many experimental 
studies have also reported local contractions (Fig. 5, regime IV). Here, motors compact 
crosslinked actin filaments into many small clusters, which tend to comprise a myosin core 
and an actin coat 37,40,41,236. These clusters are usually disordered, though more ordered 
rings and asters can occur 230. Local contractions may also occur when excessive motor 
activity breaks an initially prestressed gel into many clusters 42,260.  
There are several differences between global and local contractions. Local contraction 
events tend to occur above threshold crosslink concentrations that are up to an order of 
magnitude lower than those for gelation in passive systems or global contractions in active 
systems (Table 3). Local contraction events often occur over a certain period of time after 
network formation and then cease 41,42,66,236. However, there may still be a mechanically 
stable background network between compacted clusters. This intervening network may 
allow motors to actively coalesce nearby clusters over longer time scales 40,271 or even 
disassemble clusters in an apparently reversible fashion 37. This type of myosin contractile 
activity can manifest itself in marked nonthermal fluctuations of inert probe particles 
embedded in the network 139, which may contribute to nonthermal fluctuations observed in 
cells 1,272-275. Myosin has also been observed to nucleate actin-filament polymerization in 
the presence of fascin 236. Many of these hallmarks resemble the coarsening (Fig. 5, dotted 
line) or aggregation behavior of phase-separating soft-matter systems 276-278.  
Continuum models of active systems have characterized the onset of ordered states 
that resemble local contractions. These states are characterized by a density instability with 
broken spatial symmetry and an apparently well-defined length scale 53,279,280. 
Experimental studies have identified different ways to determine the length scale of 
contractions, by either measuring the size of contracted clusters 236,281, measuring the 
average distance between contracted clusters 41, or tracking cluster expansion in time-
reversed movies 42. The contraction length scale was shown to increase with increasing 
connectivity, achieved either by varying the crosslink concentration 42 the actin filament 
concentration 39, or actin filament length 281. The effect of motor activity, however, is not 
as clear (see §5.1 below). Another physical effect on contraction length scale is surface 
adhesion, which can attenuate strain propagation 41. Friction of the actin-myosin cortex 
with the membrane and/or cytosol reduces the hydrodynamic length scale of myosin-driven 
cortical flows in C. elegans embryos  282 or could result in negative stiffness 283. 
Additionally, the geometry of actin-filament nucleation can strongly affect the spatial 
organization of actin filaments, and thus contractility 43,284. 
There are many in-vivo observations of small and dense myosin clusters, or foci, 
resembling those observed in reconstituted actin-myosin networks, including the cortex of 
developing C. elegans embryos and the cell equator of mitotic cells 282,285. However, the 
length scales observed in cells are likely controlled by reciprocal feedback between 
contraction and regulatory reaction-diffusion systems 286. Interestingly, contraction of the 
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actin-myosin cortex is thought to affect the spatial distribution and possibly downstream 
signaling of lipid-tethered proteins 281,287. 
 Strain percolation 
Both the global and local contraction regimes are characterized by active, contractile 
strain generation that occurs on long and short length scales, respectively. What is the 
behavior between these two regimes, at the boundary we refer to as contractile strain 
percolation (Fig. 5, bold yellow line)? In studies of quasi-2D fascin-crosslinked gels we 
found evidence for a “critically connected” state near this boundary, where the network 
breaks up into clusters with a power-law size distribution 42. The experimentally measured 
Fisher exponent 𝜏 ≈ 1.91 ± 0.06 of the cluster size distribution is close to the conductivity 
percolation threshold, which predicts 𝜏 = /nop/ ≈ 2.05 in 2D (cf. §3.1). This agreement 
would suggest that the conductivity transition underlies contractile strain percolation. The 
conductivity transition governs material failure by the formation of microcracks which join 
to form one macroscopic crack, which breaks passive systems into two large clusters 
according to Griffith’s criterion (cf. §3.4). In contrast for contractile active gels, multiple 
cracks are nucleated concurrently, which allows for clusters with a power-law size 
distribution 42. This behavior is likely only possible for internally driven active systems, 
which generate stresses within the entire material. Furthermore, crosslinked actin gels tend 
to fail by crosslink unbinding (failure of nodes) rather than actin filament breakage (failure 
of bonds). The combination of internal loading and failure by crosslink unbinding results 
in a material where stresses do not necessarily accumulate near failures 288. 
Furthermore, recent models have found further evidence that contractile strain 
percolation is distinct from conductivity percolation. These models arose from the 
observation that the hyperscaling relation and the fractal shape of clusters at the 
conductivity percolation threshold implies 𝜏 ≥ 2. This condition appears inconsistent with 
the experimentally measured value of 𝜏 ≈ 1.91	for contractile networks near the strain 
percolation threshold. To resolve this inconsistency, attention has turned to the role of 
enclaves. Presumably, larger clusters engulf enclaves during contraction due to steric 
interactions, resulting in Euclidean, rather than fractal clusters 288,289. In particular, Ref. 289 
predicts that a “no-enclaves percolation” (NEP) model characterizes a transition with a 
novel universality class, which allows 𝜏 < 2  and predicts 𝜏 ≈ 1.82 . Furthermore, the 
transition is of mixed-order, being second-order in the correlation length but first-order in 
the order parameter. These claims are currently under debate 242,290-292. It is interesting to 
note that the rigidity percolation transition for passive systems is also of mixed order 174. 
Additionally, the NEP model can be mapped to the problem of holes in the percolation 
backbone, which yields 𝜏 = 187/96 ≈ 1.948 292. Future studies which investigate other 
critical exponents, such as the correlation length exponent ν, could determine whether the 
strain percolation transition corresponds to a novel universality class.	
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Critical behavior is usually only observed in a very narrow region of phase space. 
Experimentalists must finely tune their system and bring it to this narrow region in order 
to observe critical behavior. However, the critically connected state we reported for actin-
fascin-myosin gels 42 occurred over a surprisingly broad region of crosslink concentration. 
Hence, strain percolation is “robust” in the sense that networks whose initial connectivities 
exceed the critical transition may still be brought down to a critical state. This property 
bears some similarity to models of “self-organized criticality” 293, though these models 
rather tend to describe dynamic fluctuations which drive a system to a specific critical 
point. 
Intriguingly, power-law distributions have been observed for inter-cluster distances in 
1D contractile bundle assays 294. The observed distribution exponent of 1.51 may possibly 
relate to critical behavior near the 1D strain percolation transition. 
5 Microscopic contraction mechanisms 
We have identified different classes of behavior in active systems: fluid-like sliding 
motions (I); mechanically stable, tension-bearing gels (II); and motor-driven contractions 
of varying length scales (III and IV). These behaviors are all attainable in experiments 
using actin, myosin, and crosslink proteins as minimal components. The diagram we 
propose organizes these behaviors according to two abstract quantities: motor activity and 
connectivity. This approach attempts to assemble a broad, unified picture. However, a more 
microscopic picture requires concrete understanding of the proteins’ molecular properties. 
Below, we summarize current knowledge of these properties and their relation to 
connectivity and motor activity. 
 Motor activity and myosin biochemistry 
Myosin ATPase activity depends on several biochemical parameters (reviewed in 295), 
including duty ratio (fraction of the ATPase cycle where the motor tightly binds F-actin), 
processivity (number of successive cycles before the motor diffuses away from the 
filament), and velocity. Duty ratio and processivity are small for individual skeletal muscle 
myosin II motors 296. But once assembled into bipolar filaments, the effective duty ratio 
and processivity increase, allowing the ensemble of motors to slide actin filaments 297-299. 
This behavior contrasts with the directed, processive transport mediated by other myosins 
such as myosin VI and by most microtubule-associated kinesin and dynein motors. We 
note that dimers of myosin VI exhibit contractile behavior in micropatterned ring assays 
229,284, though in cells they are mainly thought to mediate intracellular transport 300.  
The effective motor duty ratio and velocity of myosin II bipolar filaments depend on 
the individual myosin’s properties and motor filament. In humans, the myosin II class 
includes skeletal muscle myosin II, smooth muscle myosin II, and three nonmuscle myosin 
II isoforms known as nonmuscle myosin IIA, IIB, and IIC 301. The myosin II motors which 
are expressed in skeletal and smooth muscle are densely packed into long bipolar filaments 
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(thick filaments) that are surrounded by a dense linear array of actin filaments. The thick 
filaments contain ~300 myosins and are ∼2 µm in length 302. Smooth muscle myosin II 
forms side polar filaments of ~176 molecules that are ~0.6 µm in length 303, though filament 
length can change during activation 304,305. This property is thought to underlie the 
structural malleability of smooth-muscle cells 306. Myosin II motors of non-muscle cells 
form much shorter bipolar filaments (often referred to as minifilaments) of ~30 myosins 
that are close to 300 nm in length 137,259,307-311. These bipolar filaments are either embedded 
in actin-based contractile bundles such as stress fibers or supracellular junctional belts 312, 
or in disordered meshworks such as the actin cortex 313. Tethered bundle assays have 
suggested that myosin filament length governs contractility to a greater extent than the 
specific myosin II isoform 314. Regulation of the phosphorylation state of non-muscle 
myosin II by a set of kinases and phosphatases controls both the ATPase activity and 
bipolar filament assembly, providing cells with the means to spatiotemporally control 
contractility. Regulatory kinases and phosphatases, in turn, are themselves regulated by the 
Rho signaling pathway, which acts as an intermediary between external signals and direct 
actomyosin control 315,316. 
In reconstitution assays, the activity of myosin II is usually tuned by varying either the 
biochemical buffer conditions or the total myosin concentration. Experiments are often 
performed at low-salt and low-ATP (50 mM KCl, 0.1 mM ATP, and pH 7.4) to promote a 
high duty ratio. Higher KCl concentrations decrease the binding affinity of skeletal myosin 
II to actin filaments 317 to the point where they prevent sliding of actin filaments in gliding 
assays above 60–100 mM of KCl 318. Furthermore, increasing the monovalent salt 
concentration typically decreases the size of the bipolar filaments formed by purified 
skeletal muscle myosin II to 10-20 at around 100–150 mM monovalent salt 314,319-325. 
Higher concentrations of ATP do not greatly affect the filament sliding speed 326,327, but 
motors spend more time in a weakly-bound state, thus reducing processivity 299,328. The 
contractile activity of 2D gels appears to be maximal in a window around 0.1 to 1 mM 66. 
Solutions of driven needle-like actin bundle clusters yield a maximum in collective 
pulsatile behavior for ATP concentrations near 0.1 mM 223.  When the pH is reduced from 
physiological values slightly above pH 7 to pH 6.4 or less, ADP release and thus the 
ATPase cycle slow down and motors remain strongly bound to actin filaments for longer 
periods of time, likely increasing connectivity 245,329. 
Biochemical conditions thus determine contractility. Changing the motor activity can 
affect the contraction length scale. This was observed in studies of critically connected 
fascin-crosslinked gels, where decreased motor concentration 42, or increased KCl or ATP 
concentrations 243 increased the contraction length scale. Meanwhile, studies of locally 
contracting gels found smaller clusters with decreased myosin activity achieved by either 
increasing the KCl concentration 236 or decreasing the myosin concentration 40. Similarly, 
tethered bundle assays found that added KCl decreases contractile strain rate and tension 
314. 
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 Network connectivity and crosslinks 
Network connectivity can be modulated experimentally by varying the concentration 
or length of actin filaments, as well as the crosslink concentration and type.  Connectivity 
appears to affect myosin-driven contractility non-monotonically. This non-monotonicity 
was recently investigated in a study of micropatterned contractile rings 43: at low 
connectivity, adding connections allows motors to contract coherently over longer length 
scales; at the strain percolation threshold, there is a maximum in contractility (tension or 
strain rate); excessive crosslinking past this maximum inhibits buckling and thus 
contractility. Indeed, high amounts of α-actinin or filamin crosslinks appear to inhibit 
contraction 36,38. However, studies on gels crosslinked with fascin or cortexillin showed no 
evidence of slower or inhibited contraction at high crosslink concentration 42,252. In fact, 
mixing fascin and cortexillin in the same gel can yield faster contractions than gels with 
fascin or cortexillin alone 252. These results suggest that the response of crosslinked gels to 
motor activity sensitively depends on how crosslinks bind and connect actin filaments. 
Crosslink-mediated bundling can affect contractility in active gels in different ways. 
On the one hand, bundles should exert stronger forces than isotropic meshworks 330,331. On 
the other hand, stiff bundles reduce buckling and can inhibit contraction. For example, one 
study of actin-fascin systems found that motors can cause superdiffusive transport of 
clusters of driven, needle-like bundles, rather than contraction 39. Similarly, oligomers of 
kinesin motors slide stiff microtubule bundles without contraction 12. However, contraction 
may still be possible in the absence of buckling, as shown for microtubule-dynein systems 
44,153. 
In addition to bundling, the effect of bundle polarity adds further nuances to the 
contribution of crosslinks to contractility. Studies of micropatterned contractile rings have 
demonstrated that myosin contractility is maximized when actin filaments are antiparallel 
43,284. In actin-bundle arrays, motors move towards regions of low polarity 228,294, 
reminiscent of the polarity sorting found in fibroblasts 332. Many studies of contractile 
active gels have used the crosslink protein fascin. In passive systems, fascin forms unipolar 
bundles 333 that form by a fast zippering process 334. Fascin binds actin filaments with a 
narrow angle 98, perhaps as a consequence of its small size 107 and potentially its unique β-
trefoil domains 95. In active gels, fascin’s polar binding property is thought to be essential 
for the formation of self-organized ordered structures 230 or nucleation of actin filaments 
on myosin 236. However, fluorescence microscopy shows that structure on the 1–10 µm 
scale can vary from bundled to unbundled, depending on the type of crosslink 252 or on 
monovalent salt concentration 236,243. It is possible that assembly kinetics, strong motor 
stresses, or actin-filament entanglements inhibit the formation of parallel bundles in 
contractile active gels. 
 Interplay between motor activity and connectivity 
One further microscopic mechanism needs careful consideration: motor activity and 
connectivity can affect each other. On the one hand, motor activity can reduce connectivity 
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by a number of mechanisms. First, stresses due to motor activity increase tension within 
crosslinks and will generally tend to increase the crosslink dissociation rate (slip bond 
behavior) 64. Forced crosslink unbinding results in an attenuated length scale of contractile 
strain propagation 42. Myosin activity can also sever actin filaments during contraction 41,66, 
depolymerize them 67, and disassemble larger structures 67,230,236. On the other hand, motor 
activity can increase connectivity. Myosin motors themselves increase connectivity by 
acting as (transient) crosslinks between actin filaments. Moreover, many myosins (skeletal 
muscle, smooth muscle, and non-muscle myosin IIB) exhibit catch bond behavior. Single-
molecule measurements with optical tweezers showed that the binding affinity of myosin 
motors to actin increases with applied force, for forces up to ~6 pN 239,240,335. This catch-
bond behavior may promote contractility 336. Furthermore, motor activity can mechanically 
stabilize low-connectivity networks by pulling out slack 61,62. Although this effect does not 
directly contribute to connectivity, it may affect stress redistribution through crosslinks in 
the network. In addition to these mechanisms, myosin motors may also directly interact 
with certain crosslinks, perhaps to aid in mechanosensing. During cytokinesis, myosin has 
been shown to bind cortexillin in Dictyostelium cells 337 and anillin in Drosophila 
melanogaster and human cells 338. Furthermore, cortical tension can be regulated by 
cortical thickness, as well as actin-filament length regulators 21. The relationship between 
motor activity and connectivity in experimental systems is therefore rich, and should be 
considered when modeling contractile active gels. 
6 Summary and outlook 
Contractile active gels are unique materials which spatially integrate microscopic stresses 
to power macroscopic behavior. Experimental and theoretical studies of actin-myosin 
systems have revealed that contractility is determined by an interplay of two physical 
parameters: network connectivity and motor activity. We proposed a state diagram that 
unites a large body of published experimental data and theoretical/computational 
predictions in terms of these two parameters.  We expect that the behavior described here 
is generic and applies to contractile active gels comprising non-cytoskeletal components. 
For instance, a recent study successfully developed a non-cytoskeletal active gel composed 
of linked DNA tubes and processive motors 339. This gel exhibited nonthermal fluctuations 
similar to those found in actin-myosin systems 139,340,341. Advances in DNA 
nanotechnology and   synthetic chemistry will likely provide more examples of synthetic 
active gels in the future 18,342,343.  
Purified acto-myosin networks provide a powerful model system to study the physical 
principles that govern contractility in cells. However, we should emphasize that the state 
diagram proposed in this review is specific to actin-myosin networks in which actin 
turnover is slow. In cells, there is continuous rapid turnover of actin, which acts in 
conjunction with motor activity 48,76,344-346. Physical parameters regulate actomyosin 
contractility in conjunction with biochemical regulation, so that the same actin and myosin 
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components can be used to build different types of contractile structures to power diverse 
physiological processes 347. For instance, recent observations of Dictyostelium amoebae 
showed that a cooperative interaction between motors and crosslinks aids 
mechanosensation 337,348,349. During cytokinesis, cortical flows deliver myosin II to the cell 
equator, which contributes to local contractile ring formation in concert with biochemically 
regulated myosin activation and filament formation 350. Large-scale cortical flows have 
also been shown to aid segregation of membrane-bound cell polarity factors in embryos 
351, and local contractions of the actin-myosin cortex in hamster ovary cells have been 
shown to cause clustering of cell surface proteins that are involved in cell signalling 287,352. 
These observations suggest a strong link between the physical properties of active gels and 
the regulation of the plasma membrane 281. Such a link could allow for a direct role for 
contractile active gels in the regulation of biochemical signaling networks 286,351,353.  
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8 Figures and tables 
 
Figure 1 . Contractile active gels comprise three main ingredients. a. Fluorescence 
micrograph of a contractile active gel of actin filaments, crosslinks, and myosin motor 
filaments. Scale bar 1 mm. b. Schematic depicting the three main ingredients: actin 
filaments (red lines), crosslinks (orange crosses), and myosin motors (cyan dumbbells). 
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Figure 2. Bond probability p in random networks determines network connectivity, cluster 
shape, and constitutive properties, e.g. conductivity Σ and storage modulus G’. a. Close-
up schematic of a bond percolation model with a 2D triangular lattice of nodes (circles), 
bonds (lines), and clusters of connected bonds (one example of a cluster highlighted in 
blue). b. Network (p = 0.2) comprising small, disjointed clusters. c. Network (p = 0.35) 
with a fractal spanning cluster (red) that surrounds enclaves (light green). d. Network (p = 
0.8) comprising one solid spanning cluster. Networks above the conductivity threshold pC 
have finite Σ. Networks above the rigidity threshold pR have finite G’. 
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Figure 3. a. Schematic of a fiber network deforming affinely in response to an externally 
imposed shear. b. Illustration of a network segment undergoing two kinds of deformation. 
When bending deformations dominate (top), segments do not deform affinely. The 
network’s mechanical modulus depends on the filament bend modulus κ. Meanwhile, 
stretching deformations (bottom) produce affine deformations. The network’s mechanical 
modulus depends on the filament stretch modulus µ. For semiflexible filaments, like actin, 
the stretch modulus results from pulling out entropic fluctuations. 
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Figure 4. Conceptual state diagram of passive systems, with three regimes of mechanical 
response as a function of connectivity and external driving (stresses or strains): floppy 
materials, which have a zero storage modulus (I); elastic materials, which are mechanically 
stable (II); and fractured materials, which fail by the formation of a large crack (III). 
Depicted along the connectivity axis are the conductivity threshold pC (triangle) and 
rigidity threshold pR (square). 
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Figure 5. Proposed conceptual state diagram of active systems, depicting four regimes of 
mechanical response to internal driving from motor activity. Active solutions (I) exhibit 
fluid-like motions. Prestressed gels (II) are mechanically stable under motor loads and 
maintain contractile stresses across the gel. In global contraction (III), motors strain the 
network across system length scales by uniformly compacting unanchored gels into a large 
cluster, or by breaking anchored gels into large clusters. In local contraction (IV), motors 
compact gels into smaller clusters. There are four boundaries between the regimes. At 
stress percolation (solid black line), motor stresses balance mechanical constraints and 
percolate across the network. At failure percolation (striped black line), motor stresses 
overwhelm the network’s mechanical constraints and cause contraction. At strain 
percolation (thick yellow line), the length scale of coherent contractile strain diverges. At 
coarsening (dotted line), motors begin to compact the network around them. 
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Crosslink Onset of stiffness 
fascin 0.01 i) 354 
filamin 0.001-0.01 ii) 355 
α-actinin 0.01 i) 106 
scruin 0.03 iii) 110 
 
Table 1. Values of the crosslink-to actin molarity ratio RX where the onset of stiffness 
occurs. Molarities of actin: i) 9.5 µM, ii) 24 µM iii) 12 µM.  
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Quantity Definition Numerical value in 2D 
Conductivity percolation threshold 𝑝? Infimum value of p which yields a system-spanning cluster 159 ≈ 0.347 i) 159 
Fractal dimension 𝑑8 𝑠	~	𝑙9:  iii) 159 = 91/48 ≈ 1.90 ii) 159 
Fisher exponent 𝜏 𝑃 𝑠 	~	𝑠);  iii) 159,165 = 187/91 ≈ 2.05 ii) 159 
Conductivity exponent 𝑓? 𝛴	~	𝛴6 𝑝 − 𝑝? 8A  iv) 159 ≈ 1.3 ii) 159,166 
Correlation length exponent 𝜈? 𝜉	~	 𝑝 − 𝑝? )EF	 iii) 159 = 4/3 ≈ 1.33 ii) 159 
Susceptibility exponent 𝛾 𝑆G~ 𝑝 − 𝑝C )H iii) 159 ≈ 43/18 ≈ 2.39 ii) 159 
Central force isostatic threshold 𝑝?N The	value	of	p	where	constraints	
balance	degrees	of	freedom	58	
= 2/3 ≈ 0.667 v) 58 
Rigidity threshold 𝑝T Infimum	value	of	p	which	yields	
finite	elasticity	58,170	
= 2/3 ≈ 0.667 v) 58 
≈ 0.445 vi) 170 
Rigidity exponent 𝑓T 𝐺	~	𝜇𝑎O 𝑝 − 𝑝T 8t 		vii)	170	 ≈ 1.4 viii) 170 
≈ 3.2 ix) 170 
Correlation length exponent 𝜈T 𝜉	~	 𝑝 − 𝑝T )Et	 170 ≈ 1.16 viii)	168,169,172 
≈ 1.3 ix) 
Fracture exponent 𝑓N 𝜎]	~	 𝑝 − 𝑝N 8u 	x)	206	 ≈ 1.7 x) 206 
Table 2. Quantities which relate to conductivity, rigidity, and fracture percolation. i) 
Valid for the 2D triangular bond lattice. ii) Valid for 2D models irrespective of lattice. iii) 
Valid for 𝑝 ≈ 𝑝? . iv) Valid for 𝑝 ≳ 𝑝? . v) Valid for central force models with the 2D 
triangular bond lattice. vi) Valid for fiber bending models with the 2D triangular bond 
lattice. vii) Valid for 𝑝 ≳ 𝑝T. viii) Valid for 2D central force models respective of lattice. 
ix) Valid for 2D fiber bending models irrespective of lattice. x) Valid for models with bond-
breaking rules.  
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Crosslink Onset of global contraction Onset of local contraction 
fascin 0.05 i) iv) 42 0.002 i) iv) 356 
filamin 0.005 ii) v) 36 0.0025 ii) v) 36 
α-actinin 0.05 iii) vi) 38 unknown 
biotin-
streptavidin 
unknown 0.001 iii) v) 40 
 
Table 3. Values of the crosslink-to-actin molarity ratio RX where the onsets of local 
contraction and global contraction occur. Molarities of actin: i) 12 µM, ii) 36 µM, iii) 24 
µM. Myosin-to-actin molarity ratio RM: iv) 0.01 v) 0.02 vi) 0.005. 
  
Alvarado et al, Force percolation of contractile active gels 
 
32 
 
 
9 References 
 
1 M. Guo, A. J. Ehrlicher, M. H. Jensen, M. Renz, J. R. Moore, R. D. Goldman, J. 
Lippincott-Schwartz, F. C. MacKintosh and D. A. Weitz, Cell, 2014, 158, 822–
832. 
2 N. Fakhri, A. D. Wessel, C. Willms, M. Pasquali, D. R. Klopfenstein, F. C. 
MacKintosh and C. F. Schmidt, Science, 2014, 344, 1031–1035. 
3 C. P. Brangwynne, G. H. Koenderink, F. C. MacKintosh and D. A. Weitz, J Cell 
Biol, 2008, 183, 583–587. 
4 H. Bouvrais, F. Cornelius, J. H. Ipsen and O. G. Mouritsen, Proc Natl Acad Sci 
USA, 2012, 109, 18442–18446. 
5 S. C. Weber, A. J. Spakowitz and J. A. Theriot, Proc Natl Acad Sci USA, 2012, 
109. 
6 N. Ganai, S. Sengupta and G. I. Menon, Nucleic Acids Res, 2014, 42, 4145–4159. 
7 B. Alberts, Molecular Biology of the Cell, Garland Science, 2008. 
8 M. C. Marchetti, J. F. Joanny, S. Ramaswamy, T. B. Liverpool, J. Prost, M. Rao 
and R. A. Simha, Rev. Mod. Phys., 2013, 85, 1189. 
9 T. Vicsek, A. Czirók, E. Ben-Jacob, I. Cohen and O. Shochet, Phys Rev Lett, 1995, 
75, 1226–1229. 
10 J. Toner, Y. Tu and S. Ramaswamy, Annals of Physics, 2005, 318, 170–244. 
11 F. J. Nédélec, T. Surrey, A. C. Maggs and S. Leibler, 1997, 389, 305–308. 
12 T. Sanchez, D. T. N. Chen, S. J. DeCamp, M. Heymann and Z. Dogic, 2012, 491, 
431–434. 
13 C. Dombrowski, L. Cisneros, S. Chatkaew, R. E. Goldstein and J. O. Kessler, Phys 
Rev Lett, 2004, 93, 098103. 
14 V. Schaller, C. Weber, C. Semmrich, E. Frey and A. R. Bausch, 2010, 467, 73–77. 
15 Y. Sumino, K. H. Nagai, Y. Shitaka, D. Tanaka, K. Yoshikawa, H. Chaté and K. 
Oiwa, 2012, 483, 448–452. 
16 J. Brugués and D. Needleman, Proc Natl Acad Sci USA, 2014, 111, 18496–18500. 
17 A. Ross-Gillespie and R. Kümmerli, Front. Microbiol., 2014, 5. 
18 Q. Li, G. Fuks, E. Moulin, M. Maaloum, M. Rawiso, I. Kulic, J. T. Foy and N. 
Giuseppone, Nature Nanotech, 2015, 10, 161–165. 
19 J. Boekhoven, W. E. Hendriksen, G. J. M. Koper, R. Eelkema and J. H. van Esch, 
Science, 2015, 349, 1075–1079. 
20 A. G. Clark, K. Dierkes and E. K. Paluch, Biophys J, 2013, 105, 570–580. 
21 P. Chugh, A. G. Clark, M. B. Smith, D. A. D. Cassani, K. Dierkes, A. Ragab, P. P. 
Roux, G. Charras, G. Salbreux and E. K. Paluch, Nature Cell Biol, 2017, 19, 689–
697. 
22 R. Levayer and T. Lecuit, Trends Cell Biol, 2012, 22, 61–81. 
23 P. Lénárt, C. P. Bacher, N. Daigle, A. R. Hand, R. Eils, M. Terasaki and J. 
Ellenberg, 2005, 436, 812–818. 
24 C. M. Field and P. Lénárt, Curr Biol, 2011, 21, R825–R830. 
25 Z. Holubcová, G. Howard and M. Schuh, Nature Cell Biol, 2013, 15, 937–947. 
Alvarado et al, Force percolation of contractile active gels 
 
33 
 
26 S. Tojkander, G. Gateva and P. Lappalainen, J Cell Sci, 2012, 125, 1855–1864. 
27 N. Q. Balaban, U. S. Schwarz, D. Riveline, P. Goichberg, G. Tzur, I. Sabanay, D. 
Mahalu, S. Safran, A. Bershadsky, L. Addadi and B. Geiger, Nature Cell Biol, 
2001, 3, 466–472. 
28 U. S. Schwarz, N. Q. Balaban, D. Riveline, A. Bershadsky, B. Geiger and S. A. 
Safran, Biophys J, 2002, 83, 1380–1394. 
29 J. Steinwachs, C. Metzner, K. Skodzek, N. Lang, I. Thievessen, C. Mark, S. 
Münster, K. E. Aifantis and B. Fabry, Nature Methods, 2015, 13, 171–176. 
30 U. S. Schwarz and S. A. Safran, Rev. Mod. Phys., 2013, 85, 1327–1381. 
31 A. S. Liu, H. Wang, C. R. Copeland, C. S. Chen, V. B. Shenoy and D. H. Reich, 
Scientific Reports, 2016, 6, srep33919. 
32 R. Zhao, C. S. Chen and D. H. Reich, Biomaterials, 2014, 35, 5056–5064. 
33 W. R. Legant, A. Pathak, M. T. Yang, V. S. Deshpande, R. M. McMeeking and C. 
S. Chen, Proc Natl Acad Sci USA, 2009, 106, 10097–10102. 
34 M. Lenz, M. L. Gardel and A. R. Dinner, New J Phys, 2012, 14, 033037. 
35 M. Lenz, T. Thoresen, M. Gardel and A. Dinner, Phys Rev Lett, 2012, 108, 
238107. 
36 L. W. Janson, J. Kolega and D. L. Taylor, J Cell Biol, 1991, 114, 1005–1015. 
37 D. Smith, F. Ziebert, D. Humphrey, C. Duggan, M. Steinbeck, W. Zimmermann 
and J. Käs, Biophys J, 2007, 93, 4445–4452. 
38 P. M. Bendix, G. H. Koenderink, D. Cuvelier, Z. Dogic, B. N. Koeleman, W. M. 
Brieher, C. M. Field, L. Mahadevan and D. A. Weitz, Biophys J, 2008, 94, 3126–
3136. 
39 S. Köhler, V. Schaller and A. R. Bausch, Nature Mater, 2011, 10, 462–468. 
40 M. Soares e Silva, M. Depken, B. Stuhrmann, M. Korsten, F. C. Mackintosh and 
G. H. Koenderink, Proc Natl Acad Sci USA, 2011, 108, 9408–9413. 
41 M. P. Murrell and M. L. Gardel, Proc Natl Acad Sci USA, 2012, 109, 20820–
20825. 
42 J. Alvarado, M. Sheinman, A. Sharma, F. C. MacKintosh and G. Koenderink, 
Nature Phys, 2013, 9, 591–597. 
43 H. Ennomani, G. Letort, C. Guérin, J.-L. Martiel, W. Cao, F. Nedelec, E. M. De La 
Cruz, M. Théry and L. Blanchoin, Curr Biol, 2016, 26, 1–12. 
44 P. J. Foster, S. Fürthauer, M. J. Shelley and D. J. Needleman, eLife, 2015, 4, 591. 
45 F. Nedelec, T. Surrey and A. Maggs, Phys Rev Lett, 2001, 86, 3192–3195. 
46 F. Nedelec, J Cell Biol, 2002, 158, 1005–1015. 
47 M. Lenz, Phys. Rev. X, 2014, 4, 041002. 
48 M. Mak, M. H. Zaman, R. D. Kamm and T. Kim, Nature Commun, 2016, 7, 
10323. 
49 S. L. Freedman, S. Banerjee, G. M. Hocky and A. R. Dinner, arXiv, 2016, 
physics.bio-ph. 
50 J. Belmonte, M. Leptin and F. Nedelec, bioRxiv, 2017, 138537. 
51 K. Kruse, J. Joanny, F. Julicher, J. Prost and K. Sekimoto, Phys Rev Lett, 2004, 92, 
078101. 
52 S. Günther and K. Kruse, New J Phys, 2007, 9, 417–417. 
53 R. Peter, V. Schaller, F. Ziebert and W. Zimmermann, New J Phys, 2008, 10, 
035002. 
Alvarado et al, Force percolation of contractile active gels 
 
34 
 
54 K. Kruse and F. Julicher, Phys Rev Lett, 2000, 85, 1778–1781. 
55 T. B. Liverpool and M. C. Marchetti, Europhys Lett, 2005, 69, 846–852. 
56 S. Banerjee and M. C. Marchetti, Soft Matter, 2011, 7, 463–473. 
57 S. Banerjee, T. B. Liverpool and M. C. Marchetti, Europhys Lett, 2011, 96, 58004. 
58 J. C. Maxwell, Philos. Mag., 1864, 27, 294–299. 
59 N. L. Dasanayake, P. J. Michalski and A. E. Carlsson, Phys Rev Lett, 2011, 107, 
118101. 
60 S. Wang and P. G. Wolynes, Proc Natl Acad Sci USA, 2012, 109, 6446–6451. 
61 M. Sheinman, C. Broedersz and F. MacKintosh, Phys Rev Lett, 2012, 109, 238101. 
62 S. Wang and P. G. Wolynes, J Chem Phys, 2013, 139, 235103. 
63 P. Ronceray, C. P. Broedersz and M. Lenz, Proc Natl Acad Sci USA, 2016, 113, 
2827–2832. 
64 E. Evans and K. Ritchie, Biophys J, 1997, 72, 1541. 
65 C. Zhu, J. Lou and R. P. McEver, Biorheology, 2005, 42, 443–462. 
66 S. K. Vogel, Z. Petrasek, F. Heinemann and P. Schwille, eLife, 2013, 2, e00116. 
67 L. Haviv, D. Gillo, F. Backouche and A. Bernheim-Groswasser, J Mol Biol, 2008, 
375, 325–330. 
68 C. P. Broedersz and F. C. MacKintosh, Soft Matter, 2011, 7, 3186–3191. 
69 Y. Cai, O. Rossier, N. C. Gauthier, N. Biais, M.-A. Fardin, X. Zhang, L. W. 
Miller, B. Ladoux, V. W. Cornish and M. P. Sheetz, J Cell Sci, 2010, 123, 413–
423. 
70 V. E. Galkin, A. Orlova, M. R. Vos, G. F. Schröder and E. H. Egelman, Structure, 
2015, 23, 173–182. 
71 W. Brieher, Mol Biol Cell, 2013, 24, 2299–2302. 
72 H. Isambert, P. Venier, A. C. Maggs, A. Fattoum, R. Kassab, D. Pantaloni and M. 
F. Carlier, J Biol Chem, 1995, 270, 11437–11444. 
73 B. Hinner, M. Tempel, E. Sackmann, K. Kroy and E. Frey, Phys Rev Lett, 1998, 
81, 2614–2617. 
74 D. Sept, J. Xu, T. D. Pollard and J. A. McCammon, Biophys J, 1999, 77, 2911–
2919. 
75 H. Y. Kueh, G. T. Charras, T. J. Mitchison and W. M. Brieher, J Cell Biol, 2008, 
182, 341–353. 
76 M. Fritzsche, C. Erlenkämper, E. Moeendarbary, G. Charras and K. Kruse, Science 
Advances, 2016, 2, e1501337–e1501337. 
77 M. Bovellan, Y. Romeo, M. Biro, A. Boden, P. Chugh, A. Yonis, M. Vaghela, M. 
Fritzsche, D. Moulding, R. Thorogate, A. Jégou, A. J. Thrasher, G. Romet-
Lemonne, P. P. Roux, E. K. Paluch and G. Charras, Current Biology, 2014, 24, 
1628–1635. 
78 C. F. Schmidt, M. Baermann, G. Isenberg and E. Sackmann, Macromolecules, 
1989, 22, 3638–3649. 
79 D. Morse, Phys Rev E, 1998. 
80 W. J. Lee and J. A. Lucey, J. Dairy Sci., 2004, 87, 3153–3164. 
81 J. Käs, H. Strey, J. X. Tang, D. Finger, R. Ezzell, E. Sackmann and P. A. Janmey, 
Biophys J, 1996, 70, 609–625. 
82 D. Bray and J. White, Science, 1988, 239, 883–888. 
83 T. D. Pollard and G. G. Borisy, Cell, 2003, 112, 453–465. 
Alvarado et al, Force percolation of contractile active gels 
 
35 
 
84 J. Y. Tinevez, U. Schulze, G. Salbreux, J. Roensch, J.-F. Joanny and E. Paluch, 
Proc Natl Acad Sci USA, 2009, 106, 18581–18586. 
85 E. Fischer-Friedrich, Y. Toyoda, C. J. Cattin, D. J. Muller, A. A. Hyman and F. 
Jülicher, Biophys J, 2016, 111, 589–600. 
86 F. Gittes and F. MacKintosh, Phys Rev E, 1998. 
87 F. Gittes, B. Schnurr, P. D. Olmsted, F. C. MacKintosh and C. F. Schmidt, Phys 
Rev Lett, 1997, 79, 3286–3289. 
88 T. Gisler and D. Weitz, Phys Rev Lett, 1999, 82, 1606–1609. 
89 J. Xu, A. Palmer and D. Wirtz, Macromolecules, 1998, 31, 6486–6492. 
90 M. L. Gardel, J. H. Shin, F. C. MacKintosh, L. Mahadevan, P. A. Matsudaira and 
D. A. Weitz, Phys Rev Lett, 2004, 93, 188102. 
91 R. Everaers, F. Jülicher, A. Ajdari and A. Maggs, Phys Rev Lett, 1999, 82, 3717–
3720. 
92 M. Pasquali, V. Shankar and D. C. Morse, Phys Rev E, 2001. 
93 G. H. Koenderink, M. Atakhorrami, F. C. MacKintosh and C. F. Schmidt, Phys 
Rev Lett, 2006, 96, 13807. 
94 E. Korenbaum, J Cell Sci, 2002, 115, 3543–3545. 
95 S. Jansen, A. Collins, C. Yang, G. Rebowski, T. Svitkina and R. Dominguez, J 
Biol Chem, 2011, 286, 30087–30096. 
96 P.-G. de Gennes, Scaling concepts in polymer physics, Cornell University Press, 
1979. 
97 N. Volkmann, D. DeRosier, P. Matsudaira and D. Hanein, J Cell Biol, 2001, 153, 
947–956. 
98 D. S. Courson and R. S. Rock, J Biol Chem, 2010, 285, 26350–26357. 
99 T. P. Stossel, J. Condeelis, L. Cooley, J. H. Hartwig, A. Noegel, M. Schleicher and 
S. S. Shapiro, Nat Rev Mol Cell Bio, 2001, 2, 138–145. 
100 T. T. Falzone, M. Lenz, D. R. Kovar and M. L. Gardel, Nature Commun, 2012, 3, 
861. 
101 T. T. Falzone, P. W. Oakes, J. Sees, D. R. Kovar and M. L. Gardel, Biophys J, 
2013, 104, 1709–1719. 
102 C. J. Cyron, K. W. Müller, K. M. Schmoller, A. R. Bausch, W. A. Wall and R. F. 
Bruinsma, Europhys Lett, 2013, 102, 38003. 
103 G. Foffano, N. Levernier and M. Lenz, Nature Commun, 2016, 7, 13827. 
104 D. Head, A. Levine and F. MacKintosh, Phys Rev Lett, 2003, 91, 108102. 
105 D. H. Wachsstock, W. H. Schwarz and T. D. Pollard, Biophys J, 1993, 65, 205–
214. 
106 O. Lieleg, K. Schmoller, C. Cyron, Y. Luan, W. Wall and A. Bausch, Soft Matter, 
2009, 5, 1796–1803. 
107 O. Lieleg, M. M. A. E. Claessens and A. R. Bausch, Soft Matter, 2010, 6, 218–
225. 
108 C. P. Broedersz and F. C. MacKintosh, Rev. Mod. Phys., 2014, 86, 995–1036. 
109 F. MacKintosh, J. Käs and P. Janmey, Phys Rev Lett, 1995, 75, 4425–4428. 
110 M. L. Gardel, J. H. Shin, F. C. MacKintosh, L. Mahadevan, P. Matsudaira and D. 
A. Weitz, Science, 2004, 304, 1301–1305. 
111 R. Tharmann, M. M. A. E. Claessens and A. R. Bausch, Phys Rev Lett, 2007, 98, 
088103. 
Alvarado et al, Force percolation of contractile active gels 
 
36 
 
112 C. Storm, J. J. Pastore, F. C. MacKintosh, T. C. Lubensky and P. A. Janmey, 2005, 
435, 191–194. 
113 M. L. Gardel, F. Nakamura, J. H. Hartwig, J. C. Crocker, T. P. Stossel and D. A. 
Weitz, Proc Natl Acad Sci USA, 2006, 103, 1762–1767. 
114 B. Wagner, R. Tharmann, I. Haase, M. Fischer and A. R. Bausch, Proc Natl Acad 
Sci USA, 2006, 103, 13974–13978. 
115 K. M. Heidemann, A. Sharma, F. Rehfeldt, C. F. Schmidt and M. Wardetzky, Soft 
Matter, 2014, 11, 343–354. 
116 C. T. Skau, D. S. Courson, A. J. Bestul, J. D. Winkelman, R. S. Rock, V. Sirotkin 
and D. R. Kovar, J Biol Chem, 2011, 286, 26964–26977. 
117 Y. Yamakita, S. Ono, F. Matsumura and S. Yamashiro, J Biol Chem, 1996, 271, 
12632–12638. 
118 S. Ono, Y. Yamakita, S. Yamashiro, P. T. Matsudaira, J. R. Gnarra, T. Obinata and 
F. Matsumura, J Biol Chem, 1997, 272, 2527–2533. 
119 B. Chen, A. Li, D. Wang, M. Wang, L. Zheng and J. R. Bartles, Mol Biol Cell, 
1999, 10, 4327–4339. 
120 W. H. Goldmann and G. Isenberg, FEBS Lett, 1993, 336, 408–410. 
121 R. K. Meyer and U. Aebi, J Cell Biol, 1990, 110, 2013–2024. 
122 O. Lieleg, M. Claessens, Y. Luan and A. Bausch, Phys Rev Lett, 2008, 101, 
108101. 
123 O. Lieleg, K. M. Schmoller, M. M. A. E. Claessens and A. R. Bausch, Biophys J, 
2009, 96, 4725–4732. 
124 C. P. Broedersz, M. Depken, N. Y. Yao, M. R. Pollak, D. A. Weitz and F. C. 
MacKintosh, Phys Rev Lett, 2010, 105, 238101. 
125 K. W. Müller, R. F. Bruinsma, O. Lieleg, A. R. Bausch, W. A. Wall and A. J. 
Levine, Phys Rev Lett, 2014, 112, 238102. 
126 O. Lieleg, J. Kayser, G. Brambilla, L. Cipelletti and A. R. Bausch, Nature Mater, 
2011, 10, 236–242. 
127 M. Maier, K. W. Müller, C. Heussinger, S. Köhler, W. A. Wall, A. R. Bausch and 
O. Lieleg, Eur Phys J E, 2015, 38, 50. 
128 J. M. Ferrer, H. Lee, J. Chen, B. Pelz, F. Nakamura, R. D. Kamm and M. J. Lang, 
Proc Natl Acad Sci USA, 2008, 105, 9221–9226. 
129 W. E. Thomas, V. Vogel and E. Sokurenko, Annu Rev Biophys, 2008, 37, 399–
416. 
130 S. Chakrabarti, M. Hinczewski and D. Thirumalai, J Struct Biol, 2017, 197, 50–56. 
131 V. E. Galkin, A. Orlova, A. Salmazo, K. Djinovic-Carugo and E. H. Egelman, Nat 
Struct Mol Biol, 2010, 17, 614–616. 
132 S. M. Volkmer Ward, A. Weins, M. R. Pollak and D. A. Weitz, Biophys J, 2008, 
95, 4915–4923. 
133 N. Y. Yao, D. J. Becker, C. P. Broedersz, M. Depken, F. C. MacKintosh, M. R. 
Pollak and D. A. Weitz, J Mol Biol, 2011, 411, 1062–1071. 
134 M. Norstrom and M. L. Gardel, Phys Rev E, 2011, 7, 3228–3233. 
135 S. M. Heissler and J. R. Sellers, Traffic, 2016, 17, 839–859. 
136 M. Kovács, F. Wang, A. Hu, Y. Zhang and J. R. Sellers, J Biol Chem, 2003, 278, 
38132–38140. 
137 N. Billington, A. Wang, J. Mao, R. S. Adelstein and J. R. Sellers, J Biol Chem, 
Alvarado et al, Force percolation of contractile active gels 
 
37 
 
2013, 288, 33398–33410. 
138 F. C. MacKintosh and A. J. Levine, Phys Rev Lett, 2008, 100, 018104. 
139 D. Mizuno, C. Tardin, C. F. Schmidt and F. C. MacKintosh, Science, 2007, 315, 
370–373. 
140 M.-T. Wei, A. Zaorski, H. C. Yalcin, J. Wang, S. N. Ghadiali, A. Chiou and H. D. 
Ou-Yang, Opt Express, 2008, 16, 8594–8603. 
141 D. Mizuno, R. Bacabac, C. Tardin, D. Head and C. F. Schmidt, Phys Rev Lett, 
2009, 102, 168102. 
142 C. Battle, C. P. Broedersz, N. Fakhri, V. F. Geyer, J. Howard, C. F. Schmidt and F. 
C. MacKintosh, Science, 2016, 352, 604–607. 
143 J. Gladrow, N. Fakhri, F. C. MacKintosh, C. F. Schmidt and C. P. Broedersz, Phys 
Rev Lett, 2016, 116, 248301. 
144 N. Yoshinaga, J. F. Joanny, J. Prost and P. Marcq, Phys Rev Lett, 2010, 105, 
238103. 
145 M. J. Footer, J. W. J. Kerssemakers, J. A. Theriot and M. Dogterom, Proc Natl 
Acad Sci USA, 2007, 104, 2181–2186. 
146 O. Chaudhuri, S. H. Parekh and D. A. Fletcher, 2007, 445, 295–298. 
147 J. van Mameren, K. C. Vermeulen, F. Gittes and C. F. Schmidt, J Phys Chem B, 
2009, 113, 3837–3844. 
148 I. Linsmeier, S. Banerjee, P. W. Oakes, W. Jung, T. Kim and M. P. Murrell, 
Nature Commun, 2016, 7, 12615. 
149 T. B. Liverpool, M. C. Marchetti, J.-F. Joanny and J. Prost, Europhys Lett, 2009, 
85, 18007. 
150 S. Wang and P. G. Wolynes, J Chem Phys, 2012, 136, 145102. 
151 A. Córdoba, J. D. Schieber and T. Indei, Soft Matter, 2014, 11, 38–57. 
152 J. Li, T. Biel, P. Lomada, Q. Yu and T. Kim, Soft Matter, 2017, 13, 3213–3220. 
153 T. Torisawa, D. Taniguchi, S. Ishihara and K. Oiwa, Biophys J, 2016, 111, 373–
385. 
154 R. Blackwell, O. Sweezy-Schindler, C. Baldwin, L. E. Hough, M. A. Glaser and 
M. D. Betterton, Soft Matter, 2016, 12, 2676–2687. 
155 F. Hilitski, A. R. Ward, L. Cajamarca, M. F. Hagan, G. M. Grason and Z. Dogic, 
Phys Rev Lett, 2015, 114, 138102. 
156 J. Schnauß, T. Golde, C. Schuldt, B. U. S. Schmidt, M. Glaser, D. Strehle, T. 
Händler, C. Heussinger and J. A. Käs, Phys Rev Lett, 2016, 116, 108102. 
157 M. Braun, Z. Lansky, F. Hilitski, Z. Dogic and S. Diez, Bioessays, 2016, 38, 474–
481. 
158 M. Schuppler, F. C. Keber, M. Kröger and A. R. Bausch, Nature Commun, 2016, 
7, 13120. 
159 D. Stauffer and A. Aharony, Introduction To Percolation Theory, CRC Press, 
1994. 
160 A. V. Kyrylyuk, M. C. Hermant, T. Schilling, B. Klumperman, C. E. Koning and 
P. van der Schoot, Nature Nanotech, 2011, 6, 364–369. 
161 N. Chau, G. A. Slipher, B. M. O'Brien, R. A. Mrozek and I. A. Anderson, Appl 
Phys Lett, 2016, 108, 103506. 
162 P. R. King, S. V. Buldyrev, N. V. Dokholyan, S. Havlin, Y. Lee, G. Paul, H. E. 
Stanley and N. Vandesteeg, Petroleum Geoscience, 2001, 7, S105–S107. 
Alvarado et al, Force percolation of contractile active gels 
 
38 
 
163 D. Li, B. Fu, Y. Wang, G. Lu, Y. Berezin, H. E. Stanley and S. Havlin, Proc Natl 
Acad Sci USA, 2015, 112, 669–672. 
164 J. Nahmias, H. Téphany, J. Duarte and S. Letaconnoux, Can. J. For. Res., 2000, 
30, 1318–1328. 
165 M. E. Fisher, Rep Prog Phys, 1967, 30, 615–730. 
166 B. J. Last and D. J. Thouless, Phys Rev Lett, 1971, 27, 1719–1721. 
167 S. Feng and P. N. Sen, Phys Rev Lett, 1984, 52, 216–219. 
168 S. Arbabi and M. Sahimi, Phys Rev B, 1993, 47, 695–702. 
169 C. Moukarzel and P. Duxbury, Phys Rev Lett, 1995, 75, 4055–4058. 
170 C. P. Broedersz, X. Mao, T. C. Lubensky and F. C. MacKintosh, Nature Phys, 
2011, 7, 983–988. 
171 M. F. Thorpe and P. M. Duxbury, Rigidity Theory and Applications, Springer 
Science & Business Media, Boston, 2006. 
172 D. J. Jacobs and M. F. Thorpe, Phys Rev Lett, 1995, 75, 4051–4054. 
173 A. R. Day, R. R. Tremblay and A. M. S. Tremblay, Phys Rev Lett, 1986, 56, 2501–
2504. 
174 C. Moukarzel, P. M. Duxbury and P. L. Leath, Phys Rev Lett, 1997, 78, 1480–
1483. 
175 D. Stauffer, A. Coniglio and M. Adam, in Polymer Networks, Springer Berlin 
Heidelberg, Berlin, Heidelberg, 1982, vol. 44, pp. 103–158. 
176 W. R. Rossen and P. A. Gauglitz, AIChE Journal, 1990, 36, 1176–1188. 
177 H. He and M. F. Thorpe, Phys Rev Lett, 1985, 54, 2107–2110. 
178 M. van Hecke, J Phys Condens Matter, 2010, 22, 033101. 
179 T. C. Lubensky and J. Isaacson, Phys Rev Lett, 1978, 41, 829–832. 
180 M. Plischke and B. Joós, Phys Rev Lett, 1998, 80, 4907–4910. 
181 M. Dennison, M. Sheinman, C. Storm and F. C. MacKintosh, Phys Rev Lett, 2013, 
111, 095503. 
182 W. Ellenbroek, E. Somfai, M. van Hecke and W. van Saarloos, Phys Rev Lett, 
2006, 97, 258001. 
183 S. Henkes, D. A. Quint, Y. Fily and J. M. Schwarz, Phys Rev Lett, 2016, 116, 
028301. 
184 Y. Kantor and I. Webman, Phys Rev Lett, 1984, 52, 1891–1894. 
185 M. Sahimi and S. Arbabi, Phys Rev B, 1993, 47, 703–712. 
186 J. Wilhelm and E. Frey, Phys Rev Lett, 2003, 91, 108103. 
187 M. Das, D. A. Quint and J. M. Schwarz, PLOS One, 2012, 7, e35939. 
188 M. Das, F. C. MacKintosh and A. J. Levine, Phys Rev Lett, 2007, 99, 038101. 
189 X. Mao, O. Stenull and T. C. Lubensky, Phys Rev E, 2013, 87, 042602. 
190 O. Stenull and T. C. Lubensky, arXiv, 2011, cond-mat.soft. 
191 A. J. Licup, S. Münster, A. Sharma, M. Sheinman, L. M. Jawerth, B. Fabry, D. A. 
Weitz and F. C. MacKintosh, Proc Natl Acad Sci USA, 2015, 112, 9573–9578. 
192 A. Sharma, A. J. Licup, K. A. Jansen, R. Rens, M. Sheinman, G. H. Koenderink 
and F. C. MacKintosh, Nature Phys, 2016, 12, 584–587. 
193 S. Alexander, Phys Rep, 1998, 296, 65–236. 
194 M. Wyart, H. Liang, A. Kabla and L. Mahadevan, Phys Rev Lett, 2008, 101, 
215501. 
195 A. A. Griffith, Phil Trans R Soc Lond A, 1921, 221, 163–198. 
Alvarado et al, Force percolation of contractile active gels 
 
39 
 
196 F. Beroz, L. M. Jawerth, S. Münster, D. A. Weitz, C. P. Broedersz and N. S. 
Wingreen, 2016. 
197 L. Afferrante, M. Ciavarella and E. Valenza, International Journal of Solids and 
Structures, 2006, 43, 5147–5157. 
198 B. B. Mandelbrot, D. E. Passoja and A. J. Paullay, 1984, 308, 721–722. 
199 H. J. Herrmann and S. Roux, Statistical Models for the Fracture of Disordered 
Media, Elsevier Science, 1990. 
200 M. Sahimi and J. Goddard, Phys Rev B, 1986, 33, 7848–7851. 
201 P. Beale and D. Srolovitz, Phys Rev B, 1988, 37, 5500–5507. 
202 M. Sahimi and S. Arbabi, Phys Rev B, 1993, 47, 713–722. 
203 A. Hansen and J. Schmittbuhl, Phys Rev Lett, 2003, 90, 045504. 
204 P. K. V. V. Nukala, S. Zapperi and S. Šimunović, Phys Rev E, 2005, 71, 066106. 
205 I. Malakhovsky and M. Michels, Phys Rev B, 2007, 76, 144201. 
206 K. Sieradzki and R. Li, Phys Rev Lett, 1986, 56, 2509–2512. 
207 I. Malakhovsky and M. A. J. Michels, Phys Rev B, 2007, 76, 144201. 
208 H. Tabuteau, S. Mora, G. Porte, M. Abkarian and C. Ligoure, Phys Rev Lett, 2009, 
102, 155501. 
209 P. J. Skrzeszewska, J. Sprakel, F. A. de Wolf, R. Fokkink, M. A. C. Stuart and J. 
van der Gucht, Macromolecules, 2010, 43, 3542–3548. 
210 S. B. Lindström, T. E. Kodger, J. Sprakel and D. A. Weitz, Soft Matter, 2012, 8, 
3657–3664. 
211 S. Pradhan, A. Hansen and B. K. Chakrabarti, Rev. Mod. Phys., 2010, 82, 499–
555. 
212 Z. Halász, Z. Danku and F. Kun, Phys Rev E, 2012, 85, 016116–8. 
213 F. Kun, H. A. Carmona, J. J S Andrade and H. J. Herrmann, Phys Rev Lett, 2008, 
100, 094301. 
214 M. Leocmach, C. Perge, T. Divoux and S. Manneville, Phys Rev Lett, 2014, 113, 
038303. 
215 S. J. Kron and J. A. Spudich, Proc Natl Acad Sci USA, 1986, 83, 6272–6276. 
216 R. Suzuki, C. A. Weber, E. Frey and A. R. Bausch, Nature Phys, 2015, 11, 839–
843. 
217 I. Banga and A. Szent-Györgyi, Stud Inst Med Chem Univ Szeged I, 1942. 
218 L. Le Goff, F. Amblard and E. M. Furst, Phys Rev Lett, 2001, 88, 018101. 
219 D. Humphrey, C. Duggan, D. Saha, D. Smith and J. Käs, 2002, 416, 413–416. 
220 T. Liverpool, Phys Rev E, 2003, 67, 031909. 
221 K. I. Morozov and L. M. Pismen, Phys Rev E, 2010, 81, 061922. 
222 T. B. Liverpool, A. C. Maggs and A. Ajdari, Phys Rev Lett, 2001, 86, 4171–4174. 
223 S. Köhler, V. Schaller and A. R. Bausch, PLOS One, 2011, 6, e23798. 
224 F. C. Keber, E. Loiseau, T. Sanchez, S. J. DeCamp, L. Giomi, M. J. Bowick, M. C. 
Marchetti, Z. Dogic and A. R. Bausch, Science, 2014, 345, 1135–1139. 
225 E. P. Debold, J. B. Patlak and D. M. Warshaw, Biophys J, 2005, 89, L34–6. 
226 M. Sheinman, C. P. Broedersz and F. C. MacKintosh, Phys Rev E, 2012, 85, 
021801. 
227 G. H. Koenderink, Z. Dogic, F. Nakamura, P. M. Bendix, F. C. MacKintosh, J. H. 
Hartwig, T. P. Stossel and D. A. Weitz, Proc Natl Acad Sci USA, 2009, 106, 
15192–15197. 
Alvarado et al, Force percolation of contractile active gels 
 
40 
 
228 T. Thoresen, M. Lenz and M. L. Gardel, Biophys J, 2011, 100, 2698–2705. 
229 H. Ennomani, G. Letort, C. Guérin, J.-L. Martiel, W. Cao, F. Nedelec, E. M. De La 
Cruz, M. Théry and L. Blanchoin, Curr Biol, 2016, 26, 616–626. 
230 F. Backouche, L. Haviv, D. Groswasser and A. Bernheim-Groswasser, Phys Biol, 
2006, 3, 264–273. 
231 T. Liverpool and M. Marchetti, Phys Rev Lett, 2003, 90, 138102. 
232 S. P. Ramanathan, J. Helenius, M. P. Stewart, C. J. Cattin, A. A. Hyman and D. J. 
Muller, Nature Cell Biol, 2015, 17, 148–159. 
233 E. Fischer-Friedrich, A. A. Hyman, F. Jülicher, D. J. Muller and J. Helenius, 
Scientific Reports, 2014, 4, 6213. 
234 J. Sedzinski, M. Biro, A. Oswald, J.-Y. Tinevez, G. Salbreux and E. Paluch, 2011, 
476, 462–466. 
235 R. E. Kane, J Cell Biol, 1983, 97, 1745–1752. 
236 Y. Ideses, A. Sonn-Segev, Y. Roichman and A. Bernheim-Groswasser, Soft 
Matter, 2013, 9, 7127–7137. 
237 R. Voituriez, J. Joanny and J. Prost, Phys Rev Lett, 2006, 96, 028102. 
238 D. Mizuno, D. A. Head, F. C. MacKintosh and C. F. Schmidt, Macromolecules, 
2008, 41, 7194–7202. 
239 C. Veigel, J. E. Molloy, S. Schmitz and J. Kendrick-Jones, Nature Cell Biol, 2003, 
5, 980–986. 
240 B. Guo and W. H. Guilford, Proc Natl Acad Sci USA, 2006, 103, 9844–9849. 
241 T. Luo, K. Mohan, V. Srivastava, Y. Ren, P. A. Iglesias and D. N. Robinson, 
Biophys J, 2012, 102. 
242 C. F. Lee and G. Pruessner, Phys Rev E, 2016. 
243 J. Alvarado and G. H. Koenderink, in Building a Cell from its Component Parts, 
Elsevier, 2015, vol. 128, pp. 83–103. 
244 T. Hayashi and K. Maruyama, J Biochem, 1975, 78, 1031–1038. 
245 S. Köhler, K. M. Schmoller, A. H. Crevenna and A. R. Bausch, Cell Reports, 
2012, 2, 433–439. 
246 M. Murrell and M. L. Gardel, Mol Biol Cell, 2014, 25, 1845–1853. 
247 G. W. Scherer, Journal of Non-Crystalline Solids, 1989, 108, 18–27. 
248 J. Philip, L. Bonakdar, P. Poulin, J. Bibette and F. Leal-Calderon, Phys Rev Lett, 
2000, 84, 2018–2021. 
249 P. Bartlett, L. J. Teece and M. A. Faers, Phys Rev E, 2012, 85, 021404. 
250 T. Divoux, B. Mao and P. Snabre, Soft Matter, 2015, 11, 3677–3685. 
251 C. A. Wilson, M. A. Tsuchida, G. M. Allen, E. L. Barnhart, K. T. Applegate, P. T. 
Yam, L. Ji, K. Keren, G. Danuser and J. A. Theriot, 2010, 465, 373–377. 
252 S. Köhler and A. R. Bausch, PLOS One, 2012, 7, e39869. 
253 C. M. Field, M. Wühr, G. A. Anderson, H. Y. Kueh, D. Strickland and T. J. 
Mitchison, J Cell Sci, 2011, 124, 2086–2095. 
254 T. H. Tan, M. M. Garbi, E. Abu-Shah, J. Li, A. Sharma, F. C. MacKintosh, K. 
Keren, C. F. Schmidt and N. Fakhri, 2016. 
255 I. B. Bischofs, F. Klein, D. Lehnert, M. Bastmeyer and U. S. Schwarz, Biophys J, 
2008, 95, 3488–3496. 
256 P. G. Torres, I. B. Bischofs and U. S. Schwarz, Phys Rev E, 2012, 85, 011913. 
257 P. W. Oakes, S. Banerjee, M. C. Marchetti and M. L. Gardel, Biophys J, 2014, 
Alvarado et al, Force percolation of contractile active gels 
 
41 
 
107, 825–833. 
258 H. Wang, A. A. Svoronos, T. Boudou, M. S. Sakar, J. Y. Schell, J. R. Morgan, C. 
S. Chen and V. B. Shenoy, Proc Natl Acad Sci USA, 2013, 110, 20923–20928. 
259 S. Ebrahim, T. Fujita, B. A. Millis, E. Kozin, X. Ma, S. Kawamoto, M. A. Baird, 
M. Davidson, S. Yonemura, Y. Hisa, M. A. Conti, R. S. Adelstein, H. Sakaguchi 
and B. Kachar, Curr Biol, 2013, 23, 731–736. 
260 A. C. Martin, M. Gelbart, R. Fernandez-Gonzalez, M. Kaschube, E. F. Wieschaus, 
A. C. Martin, M. Gelbart, R. Fernandez-Gonzalez, M. Kaschube and E. F. 
Wieschaus, J Cell Biol, 2010, 188, 735–749. 
261 M. A. Smith, E. Blankman, M. L. Gardel, L. Luettjohann, C. M. Waterman and M. 
C. Beckerle, Dev Cell, 2010, 19, 365–376. 
262 P. W. Oakes, E. Wagner, C. A. Brand, D. Probst, M. Linke, U. S. Schwarz, M. 
Glotzer and M. L. Gardel, Nature Commun, 2017, 8, ncomms15817. 
263 A. C. Martin, M. Kaschube and E. F. Wieschaus, 2009, 457, 495–499. 
264 J. Solon, A. Kaya-Çopur, J. Colombelli and D. Brunner, Cell, 2009, 137, 1331–
1342. 
265 M. Roh-Johnson, G. Shemer, C. D. Higgins, J. H. McClellan, A. D. Werts, U. S. 
Tulu, L. Gao, E. Betzig, D. P. Kiehart and B. Goldstein, Science, 2012, 335, 1232–
1235. 
266 C. G. Vasquez, M. Tworoger and A. C. Martin, J Cell Biol, 2014, 206, 435–450. 
267 K. Dierkes, A. Sumi, J. Solon and G. Salbreux, Phys Rev Lett, 2014, 113, 148102. 
268 K. V. Kumar, J. S. Bois, F. Jülicher and S. W. Grill, Phys Rev Lett, 2014, 112, 
208101. 
269 A. Munjal, J.-M. Philippe, E. Munro and T. Lecuit, Nature, 2015, 524, 351–355. 
270 D. S. Banerjee, A. Munjal, T. Lecuit and M. Rao, arXiv, 2016, physics.bio-ph. 
271 D. Gordon, A. Bernheim-Groswasser, C. Keasar and O. Farago, Phys Biol, 2012, 
9, 026005. 
272 D. Robert, T.-H. Nguyen, F. Gallet and C. Wilhelm, PLOS One, 2010, 5, e10046. 
273 F. Gallet, D. Arcizet, P. Bohec and A. Richert, Soft Matter, 2009, 5, 2947–2953. 
274 A. W. C. Lau, B. D. Hoffman, A. Davies, J. C. Crocker and T. C. Lubensky, Phys 
Rev Lett, 2003, 91, 198101. 
275 P. Bohec, F. Gallet, C. Maes, S. Safaverdi, P. Visco and F. van Wijland, Europhys 
Lett, 2013, 102, 50005. 
276 P. M. Chaikin and T. C. Lubensky, Principles of Condensed Matter Physics, 
Cambridge University Press, Cambridge, 2000. 
277 B. Liebchen, D. Marenduzzo, I. Pagonabarraga and M. E. Cates, Phys Rev Lett, 
2015, 115, 258301. 
278 J. Stenhammar, R. Wittkowski, D. Marenduzzo and M. E. Cates, Phys Rev Lett, 
2015, 114, 018301. 
279 F. Ziebert, M. Hammele and W. Zimmerman, Nonlinear Phenomena in Complex 
Systems, 2006. 
280 F. Ziebert, I. S. Aranson and L. S. Tsimring, New J Phys, 2007, 9, 421–421. 
281 D. V. Köster, K. Husain, E. Iljazi, A. Bhat, P. Bieling, R. D. Mullins, M. Rao and 
S. Mayor, Proc Natl Acad Sci USA, 2016, 113, E1645–54. 
282 M. Mayer, M. Depken, J. S. Bois, F. Jülicher and S. W. Grill, 2010, 467, 617–621. 
283 P. Srivastava, P. Mishra and M. C. Marchetti, Soft Matter, 2016, 12, 8214–8225. 
Alvarado et al, Force percolation of contractile active gels 
 
42 
 
284 A. C. Reymann, R. Boujemaa-Paterski, J. L. Martiel, C. Guerin, W. Cao, H. F. 
Chin, E. M. De La Cruz, M. Thery and L. Blanchoin, SCIENCE, 2012, 336, 1310–
1314. 
285 D. Vavylonis, J. Q. Wu, S. Hao, B. O'Shaughnessy and T. D. Pollard, Science, 
2008, 319, 97–100. 
286 J. Bois, F. Jülicher and S. Grill, Phys Rev Lett, 2011, 106, 028103. 
287 K. Gowrishankar, S. Ghosh, S. Saha, R. C, S. Mayor and M. Rao, Cell, 2012, 149, 
1353–1367. 
288 M. Sheinman, A. Sharma, J. Alvarado, G. H. Koenderink and F. C. MacKintosh, 
Phys Rev E, 2015, 92, 012710. 
289 M. Sheinman, A. Sharma, J. Alvarado, G. H. Koenderink and F. C. MacKintosh, 
Phys Rev Lett, 2015, 114, 098104. 
290 G. Pruessner and C. F. Lee, Phys Rev Lett, 2016, 116, 189801. 
291 M. Sheinman, A. Sharma and F. C. MacKintosh, Phys Rev Lett, 2016, 116, 
189802. 
292 H. Hu, R. M. Ziff and Y. Deng, Phys Rev Lett, 2016, 117, 185701. 
293 P. Bak, C. Tang and K. Wiesenfeld, Phys Rev Lett, 1987, 59, 381–384. 
294 M. R. Stachowiak, P. M. McCall, T. Thoresen, H. E. Balcioglu, L. Kasiewicz, M. 
L. Gardel and B. O'Shaughnessy, Biophys J, 2012, 103, 1265–1274. 
295 C. B. O'Connell, M. J. Tyska and M. S. Mooseker, Biochim Biophys Acta, 2007, 
1773, 615–630. 
296 D. E. Harris and D. M. Warshaw, J Biol Chem, 1993, 268, 14764–14768. 
297 T. Erdmann and U. S. Schwarz, Phys Rev Lett, 2012, 108, 188101. 
298 T. Erdmann, P. J. Albert and U. S. Schwarz, J Chem Phys, 2013, 139, 175104. 
299 T. Erdmann, K. Bartelheimer and U. S. Schwarz, Phys Rev E, 2016, 94, 052403. 
300 F. Buss, G. Spudich and J. Kendrick-Jones, Annu Rev Cell Dev Biol, 2004, 20, 
649–676. 
301 X. Ma and R. S. Adelstein, Bioarchitecture, 2014, 4, 88–102. 
302 F. A. Pepe and B. Drucker, J Mol Biol, 1979, 130, 379–393. 
303 B. D. Haldeman, R. K. Brizendine, K. C. Facemyer, J. E. Baker and C. R. Cremo, 
J Biol Chem, 2014, 289, 21055–21070. 
304 C. Y. Seow, V. R. Pratusevich and L. E. Ford, Journal of Applied Physiology, 
2000, 89, 869–876. 
305 K.-H. Kuo, A. M. Herrera, L. Wang, P. D. Paré, L. E. Ford, N. L. Stephens and C. 
Y. Seow, Am J Physiol-Cell Ph, 2003, 285, C384–C390. 
306 A. M. Herrera, B. E. McParland, A. Bienkowska, R. Tait, P. D. Paré and C. Y. 
Seow, J Cell Sci, 2005, 118, 2381–2392. 
307 R. Niederman and T. D. Pollard, J Cell Biol, 1975, 67, 72–92. 
308 A. B. Verkhovsky, J Cell Biol, 1993, 123, 637–652. 
309 J. R. Beach, K. S. Bruun, L. Shao, D. Li, Z. Swider, K. Remmert, Y. Zhang, M. A. 
Conti, R. S. Adelstein, N. M. Rusan, E. Betzig and J. A. Hammer, Nature Cell 
Biol, 2017, 19, 85–93. 
310 S. Hu, K. Dasbiswas, Z. Guo, Y. H. Tee, V. Thiagarajan, P. Hersen, T.-L. Chew, 
S. A. Safran, R. Zaidel-Bar and A. D. Bershadsky, Nature Cell Biol, 2017, 19, 
133–141. 
311 D. T. Burnette, L. Shao, C. Ott, A. M. Pasapera, R. S. Fischer, M. A. Baird, C. Der 
Alvarado et al, Force percolation of contractile active gels 
 
43 
 
Loughian, H. Delanoe-Ayari, M. J. Paszek, M. W. Davidson, E. Betzig and J. 
Lippincott-Schwartz, J Cell Biol, 2014, 205, jcb.201311104–96. 
312 S. Pellegrin and H. Mellor, J Cell Sci, 2007, 120, 3491–3499. 
313 M. A. Conti, S. Kawamoto and R. S. Adelstein, in Myosins, Springer Netherlands, 
Dordrecht, 2008, vol. 7, pp. 223–264. 
314 T. Thoresen, M. Lenz and M. L. Gardel, Biophys J, 2013, 104, 655–665. 
315 S.-T. Sit and E. Manser, J Cell Sci, 2011, 124, 679–683. 
316 A. Hall, Science, 1998, 279, 509–514. 
317 B. Brenner, M. Schoenberg, J. M. Chalovich, L. E. Greene and E. Eisenberg, Proc 
Natl Acad Sci USA, 1982, 79, 7288–7291. 
318 K. Takiguchi, H. Hayashi, E. Kurimoto and S. Higashi-Fujime, J Biochem, 1990, 
107, 671–679. 
319 H. Noda and S. Ebashi, Biochim Biophys Acta, 1960, 41, 386–392. 
320 E. Reisler, C. Smith and G. Seegan, J Mol Biol, 1980, 143, 129–145. 
321 T. D. Pollard, J Cell Biol, 1982, 95, 816–825. 
322 J. S. Davis, Annu Rev Biophys Biophys Chem, 1988, 17, 217–239. 
323 J. F. Koretz, Biophys J, 1979, 27, 433–446. 
324 B. Kaminer and A. L. Bell, J Mol Biol, 1966, 20, 391–401. 
325 I. Pinset-Härström and J. Truffy, J Mol Biol, 1979, 134, 173–188. 
326 M. P. Sheetz, R. Chasan and J. A. Spudich, J Cell Biol, 1984, 99, 1867–1871. 
327 J. E. Baker, C. Brosseau, P. B. Joel and D. M. Warshaw, Biophys J, 2002, 82, 
2134–2147. 
328 C. Veigel, L. M. Coluccio, J. D. Jontes, J. C. Sparrow, R. A. Milligan and J. E. 
Molloy, 1999, 398, 530–533. 
329 E. P. Debold, S. E. Beck and D. M. Warshaw, Am J Physiol-Cell Ph, 2008, 295, 
C173–C179. 
330 A. Carlsson, Phys Rev E, 2006, 74, 051912. 
331 N. L. Dasanayake and A. E. Carlsson, Phys Biol, 2013, 10, 036006. 
332 A. Verkhovsky, T. Svitkina and G. Borisy, J Cell Sci, 1997, 110, 1693–1704. 
333 R. Ishikawa, T. Sakamoto, T. Ando, S. Higashi-Fujime and K. Kohama, J 
Neurochem, 2003, 87, 676–685. 
334 D. Breitsprecher, S. A. Koestler, I. Chizhov, M. Nemethova, J. Mueller, B. L. 
Goode, J. V. Small, K. Rottner and J. Faix, J Cell Sci, 2011, 124, 3305–3318. 
335 M. F. Norstrom, P. A. Smithback and R. S. Rock, J Biol Chem, 2010, 285, 26326–
26334. 
336 S. Wang and P. G. Wolynes, Proc Natl Acad Sci USA, 2011, 108, 15184–15189. 
337 Y. Ren, J. C. Effler, M. Norstrom, T. Luo, R. A. Firtel, P. A. Iglesias, R. S. Rock 
and D. N. Robinson, Curr Biol, 2009, 19, 1421–1428. 
338 A. F. Straight, C. M. Field and T. J. Mitchison, Mol Biol Cell, 2005, 16, 193–201. 
339 O. J. N. Bertrand, D. K. Fygenson and O. A. Saleh, Proc Natl Acad Sci USA, 2012, 
109, 17342–17347. 
340 B. Stuhrmann, M. Soares e Silva, M. Depken, F. C. MacKintosh and G. H. 
Koenderink, Phys Rev E, 2012, 86, 020901(R). 
341 Y. Roichman, A. Sonn, Y. Ideses and A. Bernheim-Groswasser, Biophys J, 2013, 
104, 138a. 
342 A. Goel and V. Vogel, Nature Nanotech, 2008, 3, 465–475. 
Alvarado et al, Force percolation of contractile active gels 
 
44 
 
343 M. Liber, T. E. Tomov, R. Tsukanov, Y. Berger and E. Nir, Small, 2015, 11, 568–
575. 
344 P. Guthardt Torres, K. Doubrovinski and K. Kruse, Europhys Lett, 2010, 91, 
68003–6. 
345 M. Koskinen, E. Bertling, R. Hotulainen, K. Tanhuanpää and P. Hotulainen, 
Molecular and Cellular Neuroscience, 2014, 61, 56–64. 
346 T. Hiraiwa and G. Salbreux, Phys Rev Lett, 2016, 116, 188101. 
347 M. Nishikawa, S. R. Naganathan, F. Jülicher, S. W. Grill and M. Piel, eLife, 2017, 
6, e19595. 
348 T. Luo, K. Mohan, V. Srivastava, Y. Ren, P. A. Iglesias and D. N. Robinson, 
Biophys J, 2012, 102, 238–247. 
349 Y.-S. Kee, Y. Ren, D. Dorfman, M. Iijima, R. Firtel, P. A. Iglesias and D. N. 
Robinson, Mol Biol Cell, 2012, 23, 1510–1523. 
350 R. Uehara, G. Goshima, I. Mabuchi, R. D. Vale, J. A. Spudich and E. R. Griffis, 
Curr Biol, 2010, 20, 1080–1085. 
351 N. W. Goehring, P. K. Trong, J. S. Bois, D. Chowdhury, E. M. Nicola, A. A. 
Hyman and S. W. Grill, Science, 2011, 334, 1137–1141. 
352 D. Goswami, K. Gowrishankar, S. Bilgrami, S. Ghosh, R. Raghupathy, R. Chadda, 
R. Vishwakarma, M. Rao and S. Mayor, Cell, 2008, 135, 1085–1097. 
353 J. Howard, S. W. Grill and J. S. Bois, Nat Rev Mol Cell Bio, 2011, 12, 392–398. 
354 O. Lieleg, M. Claessens, C. Heussinger, E. Frey and A. Bausch, Phys Rev Lett, 
2007, 99, 088102. 
355 F. Nakamura, E. Osborn, P. A. Janmey and T. P. Stossel, J Biol Chem, 2002, 277, 
9148–9154. 
356 J. Alvarado, dspace.ubvu.vu.nl, 2013. 
 
 
